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Summary 
The population dynamics of the infaunal bivalve Soletellina alba was investigated at three 
sites situated within close proximity to the mouth of the Hopkins River estuary. The initial 
study design was planned to examine the importance of winter flooding to the persistence 
of this bivalve mollusc within the Hopkins estuary, since mass mortalities have been 
observed during previous years coincident with periods of winter flooding. Unfortunately, 
the climatic conditions experienced during this study were atypical compared to the long-
term average, so detailed sampling was limited to two, unanticipated, non-flood years 
rather than two, highly anticipated, flood years. This hampered my ability to conduct 
complete tests of the importance of winter flooding.  
 
Patterns of river discharge and the frequency and duration of mouth opening and closing 
differed greatly from that expected. Unexpectedly, periods of mouth closure were not 
always associated with periods of minimal river discharge; low salinities were another 
unexpected result during an extended period of mouth closure during 1998. As expected, 
salinities varied considerably with increasing water depth when the estuary mouth was 
open. Mouth closure lead to salinities becoming more uniform between water depths but 
hypoxic and anoxic conditions became evident via stratification in the water column at 1 m 
below the Australian Height Datum (AHD). Other than trends associated with increased 
water depth, significant variation was not evident between measurements of salinity taken 
from three sites within close proximity of the estuary mouth (approximately 500 m), or 
during changes in tide. The most pertinent anomaly was the absence of winter flooding. 
 
The distribution and abundance of juvenile and adult S. alba was variable across all Dates, 
Sites and Channel elevations (i.e. water depths) sampled during this study. An experimental 
test comparing the recruitment of juveniles at different channel elevations and in sediments 
of varying particle size was conducted during an exceptionally successful period of 
recruitment during 1999. The results of these tests showed that recruitment was greatest at 
the shallowest channel elevation used, and there was little evidence that sediment particle 
size influenced recruitment. In contrast to 1999, recruitment during 1997 or 1998 was 
extremely poor. 
 
 xii
 
Growth rates were monitored using tagged individuals held in caged and uncaged plots, 
which revealed that growth was highly variable among individuals, but not between Sites. 
These tests also revealed that growth was negligible during the colder, winter months, and 
that the fastest growing individuals were capable of growing 0.2 mm/day. Mixed results 
were obtained for tests of potential cage artefacts and the influence of handling. Caging and 
differing amounts of handling did not appear to influence growth, but there was evidence 
that cages and handling influenced bivalve condition and number of mortalities. These 
direct tests appeared to be the most appropriate method for determining growth rates of this 
species, since attempts to analyse length-frequency data were made difficult by the 
apparent convergence of cohorts, and shell aging is difficult due to the thin, fragile nature 
of the shell. 
 
As expected, mass mortalities were observed during the flood of 1996, but not during the 
two non-flood years of 1997 and 1998. There were, however, some considerable declines in 
abundances at some channel elevations during the two non-flood years. However, these 
declines were attributable to the complete disappearance of individuals, rather than the 
sudden presence of numerous, recently dead individuals that typify observed declines 
during winter flooding. The complete disappearance of individuals suggest that S. alba may 
be capable of post-settlement emigration, or that they were consumed by an unknown 
predator. Salinity tolerance tests showed that bivalves exposed to low salinities (≤ 6 ppt), 
exhibited poorer condition and took longer to re-burrow into sediments than those exposed 
to greater salinities (≥ 14 ppt), while death of bivalves exposed to salinities ≤ 1 ppt 
occurred after 8 days of exposure. These tests provide evidence that low salinities are 
probably the principal cause of mass mortalities during winter flooding, although the 
interaction between salinity, temperature and turbidity also deserve consideration.  
 
The results of this study indicate that certain aspects of winter flooding, especially salinity, 
are responsible for the mass mortalities of S. alba rather than the result of a short-lived life 
history. I hypothesise that the survival of very young juveniles (between 0.5 and 1 mm shell 
length) and rapid growth rates are important features of the life history of S. alba that 
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explain its successful persistence within the Hopkins River estuary. The rapid rates of 
growth suggest that it may be possible for juveniles that survive winter flooding to grow, 
reach sexual maturity, and reproduce before the onset of the next flood event. 
Unfortunately, the increased survivorship of juveniles during periods of winter flooding 
was not demonstrated by this study because of the absence of winter flooding and also  
relatively poor recruitment. It is highly likely that this species is capable of completing it 
entire life cycle within the estuary since the absence of other nearby populations, together 
with periods of mouth closure, are likely to greatly limit the potential contribution made by 
larvae entering from the surrounding marine environment. This study has added 
considerably to our knowledge of how infauna cope with life in the intermittently closing 
estuaries that typify semi-arid coastlines in the Southern Hemisphere. 
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Chapter 1:  General Introduction 
1.1  Estuaries as systems 
It is not difficult to justify why the study of estuaries is extremely important: 
1)  As centres of urban development, they are exposed to a suite of human stresses; 
2)  They are highly productive environments that provide essential nursery areas for fish 
and feeding grounds for bird species; and 
3)  Very little is known about the ecology of these highly variable environments, 
particularly in southern Australia, despite their highly recognised importance. 
 
In Australia, 85 % of the human population resides close to the coast (Kench 1999). 
American government projections during the last decade also predicted that the percentage 
population residing in coastal areas by the year 2000 would be approximately 80 % (see 
Kennish 1990), a similar figure to the present situation in Australia. There are many human 
activities that potentially threaten coastal ecosystems and associated habitats (see 
Fairweather 1990). Unfortunately, these impacts are likely to continue, if not increase, as 
human populations expand placing a greater demand on these environments.  
 
There exists a wide variety of estuarine environments, which has lead to several systematic 
classification schemes based on various estuarine properties including salinity and tidal 
structure, hydrological regimes, energy processes, sedimentation and geomorphological 
characteristics. The first classification schemes were devised by geologists and physical 
oceanographers (Day et al. 1989). Fairbridge (1980) classified estuaries into 7 categories 
based on morphology including two types of fjord (high and low relief), ria, coastal plain or 
funnel type, bar built, blind, delta-front, and tectonic estuary types. In Australia, the most 
common types of estuary include bar built, coastal plain or funnel, blind and delta front 
(Kench 1999). Particular estuary types are not necessarily restricted to particular regions in 
Australia although blind (or intermittent) estuaries are the most common estuary type in 
southern and Western Australia. 
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In recent times, the status of estuary mouths have been used to classify estuaries in South 
Africa (Whitfield 1992) and Australia (Moverly & Hirst 1999). The effects of mouth 
opening and closure on estuarine fauna in Australia are not well known. However, the 
opening of estuary mouths after relatively long periods of closure has lead to mass 
mortality of fishes in south-west Victoria (J. Sherwood, P. Fairweather, B. Robson, pers. 
comm, pers. obs). Tidal exchange between the estuary and the sea is possible only when the 
mouth is open. Therefore, periods of mouth closure can lead to the alteration of typical 
physico-chemical regimes, regulation of water levels, which may influence the condition of 
salt-marsh areas, and limit the recruitment and migration of fauna between the ocean and 
estuary (Schlacher & Wooldridge 1996). In addition, potentially stressful conditions such 
as hypersalinity, hypoxia and anoxia can develop during extended periods of mouth closure 
(Geddes & Butler 1984; McComb & Humphries 1992; Sherwood & Rouse 1997; Hodgkin 
& Hesp 1998; de Villiers & Hodgson 1999).  
 
One of the most contentious issues concerning the deterioration of estuarine environments 
in recent times is the regulation of freshwater inputs. This has been of great concern for 
South African estuaries (Schlacher & Wooldridge 1996; Morant & Quinn 1999; Grange et 
al. 2000; see also Allanson & Read 1995) and is becoming more so in Australia (Loneragan 
& Bunn 1999). Much of the concern regarding the importance of river discharge to the 
production of stream and estuarine invertebrate communities has arisen from the 
construction of dams and weirs. Most of the research associated with river discharge has 
focused on freshwater reaches with very little consideration of the estuary (Zann 1996). 
However, riverine discharge is known to cause a range of physical, chemical and biological 
changes in estuarine environments. These include changes to channel morphology 
(including regulation of opening and closure of estuary mouths), sediment transport and 
turbidity, salinity, dissolved oxygen and nutrient loadings. The loss of nursery habitats, 
restricted recruitment (due to mouth closure) and the loss of primary and secondary 
production are some of the potential impacts of reduced river discharge (Loneragan & 
Bunn 1999; Grange et al. 2000).  
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Dynamic salinity regimes are a characteristic feature of many estuaries. This has also lead 
to the classification of estuaries based on mixing process and salinity. Examples include: i) 
highly stratified “salt wedge” estuaries; ii) partially mixed estuaries that are moderately 
stratified; and iii) well mixed estuaries where salinities are vertically homogenous 
(Sherwood & Rouse 1997). The development of these estuary types depends on the 
interaction between tidal range, river flow, depth of the estuary and the amount of sand 
deposited at the estuary mouth. Highly stratified, “salt wedge” estuaries are common along 
the southern coast of Australia, where river flow typically dominates the micro-tidal regime 
in these regions. Build up of sand at the estuary mouth can cause a further reduction of tidal 
movement and hence reduced water mixing in these estuaries (Sherwood & Rouse 1997). 
 
At the opposite end of the river discharge spectrum, peak discharge events or floods can 
result in the mass mortalities of intolerant estuarine fauna (McLachlan & Grindley 1974; 
Boesch et al. 1976; Stephenson et al. 1977; Tettelbach et al. 1985; Hakenom 1989 although 
see Loneragan & Bunn 1999). Annual and seasonal river discharge in Australia can be 
highly variable, although flooding in southern Australia tends to be a relatively predictable, 
seasonal event that typically occurs during winter months. The magnitude of difference 
between annual peak and baseline river discharge in southern Australia (and also southern 
Africa) is often far greater than that experienced elsewhere overseas (Kench 1999). 
 
Coastal regions of southern Australia (and in some parts of South Africa and South 
America) are typically microtidal with high wave energy and extremely low and seasonally 
variable rainfall and runoff (Allanson & Baird 1999; Kench 1999). Many estuaries in these 
regions are “blind estuaries” that tend to be short (commonly less than 30 km long), wide 
basins that terminate into the ocean via narrow entrance channels (Hodgkin & Lenanton 
1981; Gill & Potter 1993). They are often small estuaries, often orders of magnitude 
smaller than the much larger estuaries that predominate studies in the Northern 
Hemisphere. For example, the surface area of the commonly cited Chesapeake Bay (11,000 
km2) is over 5 times the size of Port Phillip Bay (1908 km2), which is one of southern 
Australia’s largest, best-studied estuaries. The entire Hopkins River catchment (8651 km2) 
would easily fit inside the area of Chesapeake Bay with considerable room to spare. The 
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Hopkins River estuary also differs from some other estuaries in southern Australia by 
lacking the presence of a wide basin prior to it terminating into the southern ocean.  
 
It is rather ironic that very little is known about estuarine environments in Australia despite 
their recognised importance. As human populations increase, so do the pressures they exert 
on these systems such as demands for potable water and areas to discard effluent. We know 
very little about the function of relatively pristine estuaries in Australia nor how much 
anthropogenic practices are impacting these valuable ecosystems (Constable & Fairweather 
1999). Most models of estuarine soft-sediment environments appear to have been 
developed from work conducted in the Northern Hemisphere. There is a general consensus 
that research priorities for estuaries in Australia are poorly defined and that there is an 
urgent need for a greater research effort since background information is greatly limited 
(Constable & Fairweather 1999). 
 
Estuaries are interesting ecosystems to study because they are highly dynamic ecosystems, 
with an ever-changing physico-chemical regime. These changes may be predictable as 
associated with changes in tide, or unpredictable such as the onset and magnitude of peak 
river discharge. Estuaries provide ecologists with an ideal opportunity to examine the sorts 
of life history traits that enable organisms to cope with and persist in highly dynamic 
ecosystems. 
1.2 Literature review as background to this study 
1.2.1 Soft-sediment fauna 
Extensive intertidal sand- or mudflats are a predominant feature of many estuaries. Despite 
this predominance, studies of soft-sediment environments have contributed little compared 
to other aquatic ecosystems, particularly intertidal rocky shores (Fairweather 1990; 
Peterson 1991; Estes & Peterson 2000), which have contributed greatly to the development 
and testing of general ecological theory. Peterson (1992) illustrated the many similarities, 
but more importantly, the many differences that exist between rocky-intertidal shores and 
soft-sediment environments (see also Wilson 1991), and how studies of soft-sediment 
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environments can contribute greatly to the further development and testing of general 
ecological theory.  
 
It was apparent from a recent review by Constable (1999) that soft-sediment ecology is still 
at an early stage of development since many studies remain largely descriptive and current 
models explaining the distribution and abundance of soft-sediment fauna are largely 
conceptual (Constable 1999). Furthermore, quantitative predictive models remain scarce 
(Constable 1999). However, soft-sediment studies have contributed greatly to several areas 
of ecology (Estes & Peterson 2000) and it is encouraging that the number of recent 
literature reviews regarding soft-sediment environments has increased during recent years. 
This has highlighted the growing interest in and recognised importance of soft-sediment 
research. These recent reviews describe numerous factors that can influence the community 
structure of soft-sediment environments. Rather than discuss all of the factors described in 
these reviews, this section concentrates on those factors examined during this study, 
principally salinity, hydrology and river discharge, settlement/recruitment processes and 
sediment particle size. A list of recent literature reviews, together with a list of other factors 
not discussed in detail in this section are shown in Table 1.1. 
1.2.1.1  Salinity & Hydrology 
Fluctuating physico-chemical regimes are a characteristic feature of many estuaries. These 
fluctuations can be erratic and unpredictable across a range of spatial and temporal scales 
depending on the geomorphology of the estuary, local tidal fluxes, climatic conditions and 
hydrology. The most commonly emphasised physico-chemical parameter in discussions 
pertaining to the distribution of estuarine soft-sediment communities is salinity. 
 
Remane’s species-salinity relationship (Remane 1934) and the Venice system (Anon. 1958) 
are among the two best-known models in the estuarine literature that involve salinity and 
the distribution & abundance of estuarine fauna. However, the appropriateness of these 
models varies from estuary to estuary, which may be due to the presence of other 
conflicting factors such as sediment particle size (Barnes 1989). In addition, the 
appropriateness of these models may vary due in part to the considerable number of 
different estuary types, some of which are yet to be studied.  
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The two models above are associated with gradual changes in salinity that occur over a 
large spatial scale (> 1 km), the longitudinal gradient running from the mouth toward the 
upper limit or “head” of the estuary. Some of the most dramatic and erratic changes in 
salinity occur temporally. As mentioned in the previous section, rainfall, and hence, 
discharge patterns can be extremely erratic in many South African and southern Australian 
estuaries (de Villiers et al. 1999; Kench 1999). This variation typically leads to the 
alternation of summer drought and winter flooding. Summer droughts are typically 
associated with reduced river discharge and elevated salinities, including hypersalinity. 
Hypersalinity has not been recorded in the Hopkins River estuary (J. Sherwood, pers. 
comm.), but does occur in some southern Australian and South African estuaries (Wells & 
Threlfall 1982b; Owen & Forbes 1997a,b; Schumann & Pearce 1997; Hodgkin & Hesp 
1998; Schumann et al. 1999; de Villiers et al., 1999). In the Northern Hemisphere, 
salinities have been shown to fluctuate widely across short periods of time (e.g. 20ppt in 6 
hrs, Richmond & Woodin 1996) and can fall below 1 ppt for extended periods in the south-
west Victorian estuaries depending on the duration and magnitude of peak flows (Sherwood 
& Rouse 1997).  
 
Given the common occurrence of episodic flooding in many South African and southern 
Australian estuaries (Hanekom 1989; Owen & Forbes 1997a,b; Kench 1999), it is 
surprising to find that very few quantitative studies have examined the effect of flooding on 
macroinvertebrate communities. Of the few quantitative studies that have been conducted 
(e.g. McLachlan & Grindley 1974; Boesch et al. 1976; Stephenson et al. 1977; Tettelbach 
et al. 1985; Hakenom 1989; Owen & Forbes 1997a,b), moderate to large decreases in 
abundance (e.g. 28 to 93 %) of certain species, including bivalves, have been observed. 
Mass mortalities have also been documented in a small number of qualitative studies 
(Goodbody 1961; Stone & Reish 1965; Thomas & White 1969).  
 
Very few studies have examined the importance of mass mortalities to the persistence of 
species affected by these disturbance events. It appears that recolonisation of affected areas 
can be relatively rapid for some species (Goodbody 1961; Boesch 1976; Stephenson et al. 
 
 7
1977). However, none of these studies have examined the processes or sources responsible 
for recolonisation, which remain speculative. In areas where there is 100% mortality within 
the system, recruitment from outside of the estuary appears to be the most important source 
of recolonisation. 
 
In addition to areas outside of the estuary, the presence of refuge areas within the estuary 
may play a significant role in providing standing stock that are responsible for reseeding an 
area after mass mortality events. Several categories of refuge have been identified (Woodin 
1978), but soft-sediment studies that have examined the importance of refuge areas 
(including animals tubes, shell deposits and seagrass beds) tend to be dominated by 
predator-prey interactions and sediment disturbance (e.g. Woodin 1978; Irlandi & Peterson 
1991; Irlandi 1994; Skilleter 1994). Refuge areas may also be important for reducing the 
effects of physiological stress. For example, the interstitial environment provided by 
sediments can buffer organisms against changes in the overlying water column (Sanders et 
al. 1965). Organisms living in the middle to upper reaches of an estuary can be more 
susceptible to flooding than those living at the estuary entrance or mouth (Boesch 1976; 
Grange et al. 2000) and animals living at deeper channel elevations (depths) in highly 
stratified estuaries are likely to be exposed to reduced salinities less frequently than those 
living at shallower channel elevations (Drouin et al. 1985; Tettelbach et al. 1985).  
 
Salinity can have significantly different effects on organisms depending on the size of 
individuals. Richmond and Woodin (1996) observed reduced growth and development of 
gastropod and polychaete larvae, which can lead to a reduction of settlement/recruitment 
success. The implication of an animal’s size appears to differ depending on the species 
involved. Bellchambers (1998) used laboratory experiments to show that juvenile Katelysia 
scalarina had a greater salinity tolerance than adult conspecifics. Matthews (1995) 
observed greater mortalities of adult bivalves during a flood event, while Drouin et al. 
(1984) suggested that large echinoderms in the northern Gulf of St. Lawrence appear to 
have a greater tolerance of widely fluctuating salinities than do juveniles. However, it 
should be noted that the latter two studies did not use direct tests to explicitly determine 
whether salinity was in fact the principal cause.  
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1.2.1.2  Sediment particle size 
Along with salinity, sediment particle size has also been described as one of the major 
factors governing the distribution and abundance of fauna. This lead to the development of 
the animal-sediment hypothesis (Sanders 1958, 1960), which involves the apparent 
separation of the two major trophic groups, suspension and deposit feeders, according to 
differences in sediment particle size, such that suspension feeders are typically associated 
with coarse sediment and deposit feeders with fine sediments. The trophic group 
amensalism and mobility mode hypotheses were a further development of this model by 
Rhoads & Young (1970). The trophic group amensalism hypothesis suggests that 
organisms with differing feeding behaviours may exclude one another. For example, 
deposit feeders re-suspend particles that clog the feeding and breathing apparatus of filter 
feeders, therefore excluding them from an area. The mobility mode hypothesis suggest that 
the burrowing activity (e.g. burrow construction and foraging) associated with dense 
aggregations of mobile animals would disrupt the substratum and increase deposition of 
particles on the sediment surface. The increased disturbance and bio-deposition will 
exclude or reduce the densities of sedentary, suspension feeding species through burial, 
suffocation (because of fine sediment clogging gills and feeding structures) or prevention of 
the establishment of permanent tubes, burrows or rhizome networks.  
 
Like the famous models of salinity-species relationships (see above), the generality of the 
sediment-animal models have been questioned since deposit and suspension feeders do 
occur together in the same habitat and some animals can switch feeding modes in response 
to flow and fluxes in food availability (Butman 1987; Snelgrove & Butman 1994). 
Similarly, inconsistent observations have also tested the generality of the mobility mode 
hypothesis (Posey 1986, 1987). For example, the tubes constructed by sedentary and sessile 
organisms can form potential barriers that can restrict the movement and distribution of 
mobile animals. Rhizome mats of certain seagrass beds and the tubes created by polychaete 
worms are examples of this (Woodin 1974, 1976; Harrison 1987, and see Posey 1987). 
Nevertheless, the sediment-animal hypotheses have been extremely important for the 
further understanding of, and research development of soft-sediment systems (Woodin 
1999).  
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There are other potentially important aspects of sediment particle size that do not appear to 
have been examined in great detail. Sediments of varying particle size have been shown to 
influence the burrowing behaviour of bivalves (McLachlan et al. 1995), influence the 
ability of predator access (Dauer et al. 1982; Quammen 1984; Skilleter 1994) and together 
with sorting processes, may influence the porosity of sediment, thereby influencing the 
potential buffering capacity of the sediments against physico-chemical changes in the water 
column (see Knox 1986).  
1.2.1.3  Larval settlement and recruitment 
Settlement/recruitment processes may be an important factor influencing the distribution 
and abundance of soft-sediment fauna (Butman 1987; Olaffson et al. 1994; Snelgrove & 
Butman 1994) There are three commonly described theories that might explain distribution 
patterns and abundance of organisms according to larval settlement/recruitment processes 
(Butman 1987; Snelgrove & Butman 1994). The first theory or hypothesis suggests that 
larval settlement is a passive process, the second stresses the importance of post-settlement 
mortality and the third suggests that larvae can actively seek favourable habitats (see 
Butman 1987; Snelgrove & Butman 1994).  
 
Passive settlement theory suggests that certain larvae and sediment particle sizes with the 
same or similar sinking velocities will settle in the same area, and that the sinking velocities 
of deposit versus suspension feeding larvae may be different. The differential post-
settlement mortality hypothesis suggests that larvae that passively settle in one area of 
suitable habitat will exhibit fewer mortalities to than those that have passively settled in 
other areas that are not entirely suitable to the organism. The active habitat selection theory 
suggests that larvae can “test for suitable substrata” before choosing a site to settle. The 
choice of habitat has largely been attributed to positive cues, but Woodin (1991) argued 
that negative cues may be as equally important. Many direct tests of these hypotheses 
appear to have been limited to the use of laboratory flume experiments (Snelgrove & 
Butman 1994; Snelgrove et al. 1999), but manipulative field experiments have occurred in 
recent years (Butman 1989; Snelgrove 1994; Wu & Shin 1997).  
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The interaction between larvae that are ready to settle and the presence of adult 
assemblages can have a variable impact on the number of settlers in an area. High densities 
of adults may cause a reduction in settler numbers by filtering larvae out of the water 
column during feeding (Woodin 1976; Andre & Rosenberg 1991) or facilitate recruitment 
by providing refuge against potential predators (Thrush et al. 1992; Peterson & Black 
1993). Therefore, the importance of adult-larval interactions appears to vary depending on 
species and/or habitat variability (Thrush et al. 1996).  
 
The presence of species within an estuary may be very reliant on the supply of larvae from 
marine areas outside of the estuary. Periods of mouth closure has the potential to severely 
limit the supply of larvae and severely limit the abundance of species within an estuary that 
cannot their life cycle within the estuary (Barnes 1994; Schlacher & Wooldridge 1996). 
However, the importance of larval supply for estuarine soft-sediment fauna remains poorly 
understood, but should not be ignored since it has been suggested as being amongst the 
most important factors contributing to the structure of adult assemblages (Underwood & 
Denley 1984; Underwood & Fairweather 1989). 
1.2.2 Bivalve molluscs as study organisms 
Apart from polychaetes and crustaceans, molluscs (including bivalves) form one of the 
dominant taxa in estuarine environments. This dominance, together with being easily 
manipulated, make bivalve molluscs very amenable to work with (Peterson 1992) and 
hence, they have contributed greatly to the testing of ecological theory in soft-sediment 
environments. Most notably they have been used to test for the importance of predation 
(Peterson 1979; Peterson 1982a,b; Thrush et al. 1991; Peterson & Skilleter 1994; Skilleter 
1994) and competition (Peterson 1979; Peterson & Andre 1980; Peterson 1982b; Peterson 
& Black 1987, 1993; Black & Peterson 1988; Peterson 1992). In addition to their ecological 
importance, many species of large biomass, both individually and collectively, are heavily 
exploited by humans as a source for food and bait. This has further contributed to the need 
for ecological research involving bivalve molluscs.  
 
Most bivalves living within estuarine environments tend to be dominated by species from 
families of marine origin (Chalmer et al. 1976; Day 1981). Few species appear capable of 
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completing their life cycle wholly within the estuary and hence, truly “estuarine” species 
are not common (see Hodgkin 1994). In comparison to bivalve molluscs, life history 
studies appear to have focused largely on estuary-inhabiting fish (Neira & Potter 1992; 
Potter & Hyndes 1994, 1999; Whitfield et al. 1994) and crustaceans (see de Villiers & 
Hodgson 1999; Walsh 1993 1994; Walsh & Mitchell 1995, 1998). 
 
Of major interest to this study were those features of bivalve life histories that might 
provide explanations for their successful persistence in estuarine environments. Bivalves 
can exhibit a wide range of life histories in marine, estuarine and freshwater environments 
(Mackie 1984; Little 1998), but there is some evidence that certain life history types may be 
more suited to a particular environment than others (Mackie 1984; Barnes 1994; Peterson 
& Wells 1998). For example, there is a tendency for freshwater and estuarine bivalves to 
exhibit direct development and brood their young (Mackie 1984). Estuarine species also 
appear to be smaller compared with those from other ecosystems but exhibit rapid rates of 
growth and early maturation (Wells & Threlfall 1982a; Peterson & Wells 1998). 
Unfortunately, very few studies have examined these trends in detail, so they deserve 
further examination (see Barnes 1994).  
 
Aspects of an organisms behaviour and physiology can also be important for enabling an 
organism to cope with fluctuating physico-chemical conditions. Behavioural responses 
include reduction of filtration rates, increased burrowing activity and prolonged shell 
closure (Wilson 1968; McLachlan & Erasmus 1974; Wolff 1983), but these must come at 
some cost. Recent studies have also shown that post-settlement migration is also possible 
for adult bivalves during unfavourable conditions (Sorlin 1988), including a species of 
Soletellina (Hooker 1995). The physiology of Soletellina alba was not examined in this 
study so it will not be discussed in detail (but see Nell & Gibbs 1986 for some other 
Australian examples). Salinity tolerance studies in Australia have revealed that many 
estuarine bivalves can tolerate a large range of salinities (Nell & Dunkley 1984; Nell & 
Gibbs 1986; Bellchambers 1998), with the infaunal bivalve Arthritica semen and the 
epifaunal bivalve Xenostrobus securis being notable examples (Wilson 1968; Wells & 
Threlfall 1982b). These two species are very common in many of the estuaries situated 
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along the southern coast of Australia (Wells et al. 1980; Wells & Threlfall 1981; pers. 
obs.). 
 
Generally, studies of the life histories and population dynamics of estuarine bivalves are 
severely limited in southern Australia. There has been some work examining the growth, 
survival and reproduction of the infaunal bivalves A. semen, X. securis, Katelysia scalarina 
and K. rhytiphora in Western Australia (Wilson 1969; Wells et al. 1980; Wells & Threlfall 
1982a; Peterson & Black 1987, 1988a,b, 1993), Notospisula trigonella and K. rhytiphora in 
New South Wales (Jones et al. 1988; Paterson & Nell 1997), and K. scalarina in Tasmania 
(Bellchambers 1998). In Victoria, there has been one study that examined the abundance 
and biomass of Tellina mariae and K. rhytiphora (Coleman 1982) and another that 
described the abundance of K. rhytiphora and Anapella cycladea (Mills 1999). Therefore, 
studies of infaunal bivalves molluscs that inhabit the small estuaries in South-West Victoria 
are urgently needed.  
1.3  Hypotheses, Objectives & Aims of this study 
A study of a single estuary and a single organism is not ideal for making broad 
generalisations about these ecosystems or the organisms that live there. Nevertheless, the 
findings of such studies can still serve as specific case studies that contribute as building 
blocks for future studies, particularly for those systems where very little is known. Ideally, 
a study will consist of several locations and of more than one organism (although studies of 
a single organism are common). However, certain constraints limited this study to an 
examination of one estuary, the Hopkins River, and one infaunal species, the bivalve 
Soletellina alba (Lamarck, 1818).  
 
Specific interest in S. alba arose from the study of Matthews (1995). It was considered an 
interesting species because it exhibited mass mortality events that coincided with winter 
flooding (Matthews 1995; Mills 1996). It is one of the largest, most conspicuous species in 
the Hopkins and is commonly collected as bait (pers. obs.). Other infaunal bivalves were 
not examined during this study because they were either patchily distributed and thus rare 
(e.g. Tellina deltoidalis, Laternula gracilis), or did not exhibit mass mortalities during 
winter flooding (e.g. Arthritica helmsi, Matthews 1995). Choosing S .alba as the study 
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organism greatly limited the number of estuaries that could be studied, since it does not 
occur in any other estuary, or fully marine embayment, within 100 km of the Hopkins (see 
Chapter 4, Table 4.1).  
 
It was the mass mortality events observed during 1995 and 1996 that generated the stimulus 
for this study. These events appeared to be triggered by the onset of winter flooding, which 
was intriguing and aroused several questions, namely:  
1)  Are the mass mortalities the result of an extrinsic (i.e. winter flooding) or intrinsic 
source (i.e. mass mortalities occur regardless of winter flooding and are a natural event 
attributable to the life history of S. alba)? 
2)  If peak discharge events are responsible for mass mortality events, what factor, or 
interaction of factors, provide the greatest cause of these mortalities?; and 
3)  What factors might contribute to the successful persistence of S. alba in the Hopkins 
River estuary after mass mortality events?  
 
The following hypotheses were then constructed on the basis of winter flooding: 
1)  Mass mortalities were the result of an extrinsic, rather than intrinsic, source;  
2)  Salinity was the principal extrinsic source of mortality; and  
3)  There would be no significant change in annual abundances in the absence of a winter 
flood. 
 
Unfortunately, winter flooding did not occur from 1997 to 1999, so these hypotheses could 
not be thoroughly tested. Therefore, a combination of field-based sampling and a lab-based 
salinity tolerance experiment were used to infer possible scenarios involving flooding and 
the persistence of S. alba in the Hopkins River estuary.  
 
Very few studies have attempted to describe the population dynamics of any species 
inhabiting the small, ephemeral estuaries of southern Australia. Therefore, the main 
objective of this study was to describe the population dynamics of S. alba, with or without 
the onset of winter flooding. The main aims of this study were to: 
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1)  describe the range of physico-chemical conditions likely to be experienced by these S. 
alba living within close proximity to the mouth of the Hopkins estuary; 
2)  describe the distribution and abundance of these S. alba; 
3)  estimate growth rates for these S. alba; 
4)  examine channel elevation (i.e. water depth) and salinity as potentially important and 
interacting factors that influence the distribution, abundance and survivorship of these 
S. alba;  
5)  discuss the possible factors that are important for the distribution and abundance of S. 
alba, as well as those life history traits that might be important for the persistence of 
this species within the Hopkins estuary. 
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Table 1.1: A list of recent literature reviews that provide detailed discussions of the factors that influence the structure of soft-sediment 
communities. 
Factor  
of  
interest 
Pred.    Comp. Bioturb. Settlement
and/or 
recruitment 
Sediment 
particle 
size 
Salinity/ 
Dissolved 
Oxygen 
Food  
supply 
Hydrology & 
river 
discharge 
Disturbance 
(e.g. wave 
action) 
Habitat type 
(eg. sand Vs 
seagrass, etc.) 
Author of 
review  
          
Gray (1974) briefly briefly yes yes yes yes (re 
larval 
settlement/ 
recruitment) 
 
yes  
(re organic 
matter & 
microbes) 
  
   
        
         
  
         
          
          
          
          
       
Peterson 
(1979) 
yes yes yes yes
(re comp.) 
 
yes
Orth & Heck 
Jr (1984) 
yes yes
Knox (1986) yes yes yes yes yes yes   yes  
Butman 
(1987) 
  yes yes yes   yes (re hydro-
dynamics, 
water flow) 
 
yes
Kennish 
(1990) 
yes yes yes yes yes yes yes yes
Woodin 
(1991) 
yes yes briefly
Wilson 
(1991) 
yes yes yes yes yes
Peterson 
(1991) 
yes yes yes yes yes yes yes
Peterson 
(1992) 
yes yes
Olafsson et 
al. (1994) 
yes  yes yes   yes yes (re hydro-
dynamics, 
water flow 
re hydro-
dynamics,  
water flow 
yes  
(re predation) 
Barnes (1994) 
 
yes yes yes 
 
yes  yes/briefly 
 
 briefly yes briefly 
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(Table 1.1 
cont'd) 
 
Pred.    Comp. Bioturb. Settlement
and/or 
recruitment 
Sediment 
particle 
size 
Salinity/ 
Dissolved 
Oxygen 
Food  
supply 
Hydrology & 
river 
discharge 
Disturbance 
(e.g. wave 
action) 
Habitat type 
(eg. sand Vs 
seagrass, etc.) 
Snelgrove & 
Butman 
(1994) 
      yes yes yes  (re organic
matter, 
benthic 
bacteria & 
microaglae) 
 yes (re hydro-
dynamics, 
water flow) 
yes
Thrush (1999) yes briefly (re pred.) 
 
       
Constable 
(1999) 
yes         
           
        
yes yes yes yes no/briefly yes yes
Woodin 
(1999) 
yes yes yes yes yes yes
(re comp.) 
 
yes
Estes & 
Peterson 
(2000) 
 
yes yes yes briefly,
human 
impacts 
hard & soft-
substrata 
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Chapter 2: Study Area & General Methodology 
2.1  The Hopkins River 
The Hopkins River catchment covers an area of 8651 km2 and has two major tributaries, 
Salt Creek and the Mount Emu Creek, with the latter having an approximate length of 
160km (Goss et al. 1990). Mount Emu Creek is a substantial tributary that contributes to 
nearly half the Hopkins River’s annual discharge (Department of Water Resources, 
Victoria 1989a). The Hopkins River originates at Mt Langi Ghiran east of Ararat and 
meanders approximately 240 km until it discharges into the Southern Ocean at 
Warrnambool (Duthie 1996). The catchment consists largely of volcanic plains with gentle 
to moderate hills that have been extensively cleared for agricultural purposes (Department 
of Water Resources, Victoria 1989a). Extensive clearing has resulted in a huge reduction 
of deep-rooted vegetation with only 5% of forested area remaining (Department of Water 
Resources, Victoria 1989b).  
2.2  The Hopkins River estuary 
The Hopkins River estuary is a shallow, drowned river valley with an average depth of 2.1 
m (Sherwood 1988). The estuary has a surface area of 1.08 x 106 m2 and extends for 
approximately 10 km from its mouth to the upper tidal limit at Tooram Stones (Fig. 2.1). 
The upper tidal limit of the estuary is clearly defined by a basalt barrier at Tooram Stones 
that prevents tidal movement beyond this point.  
 
The local oceanic tides are microtidal with maximum tidal amplitudes of 0.94 m during 
spring tides. The tidal range within the estuary is between 0.1 and 0.6 m (Walsh 1994), 
which varies seasonally due to the deposition of sand at the estuary mouth. Like many 
estuaries occurring on the semi-arid southern coasts of Australia, South America and 
Africa (Day 1981; Hodgkin & Lenanton 1981; Lenanton & Hodgkin 1985; Day et al. 
1989; Suzuki et al. 1998; Kench 1999), the Hopkins is periodically disconnected from the 
ocean by a build-up of sand at the estuary mouth. The frequency of mouth closure during 
the study period is described in Chapter 3.   
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The Hopkins River estuary is a salt wedge estuary that stratifies during the warmer 
summer months when flows are at a minimum (Dyer 1979; Sherwood & Rouse 1997). 
Hypersalinity has never been recorded in the Hopkins estuary but anoxia of bottom waters 
is common during periods of low flow and subsequent mouth closure (Rouse 1998). The 
physico-chemical regime during the study period (focusing largely on salinity) is described 
in Chapter 3.  
 
Very few studies have examined the ecology of flora and fauna, particularly infauna, 
residing in the Hopkins estuary or any estuary along the south-west coast of Victoria. 
Therefore, an understanding of how various communities interact (such as the importance 
of competition and predation) in these estuaries remains limited. The only example of 
potential competitive interactions between species in the Hopkins estuary that has been 
documented was for the caridean shrimps, Macrobrachium intermedium and Paratya 
australiensis (Walsh & Mitchell 1998).  
 
Larger fish species that are potential predators of the estuarine benthos in the Hopkins 
estuary include the black bream (Acanthopagrus butcheri), estuary perch (Macquaria 
colonorum), yelloweyed mullet (Aldrichetta forsteri) and mulloway (Argyrosomus 
hololepidotus). Some of the common bird species include the pied oystercatcher 
(Haematopus ostralegus), white-faced heron (Ardea novaehollandiae), white egret 
(Egretta alba), white ibis (Threskiornis molucca), black duck (Anas superciliosa), 
Australian little grebe (Podiceps novaehollandiae) and small waders such as dotterels and 
plovers. Potential avian predators in the vicinity of the sampling area tend to occur in low 
numbers. Therefore, they are likely to have little influence on the structure of benthic 
communities in the Hopkins estuary, particularly when the sandflats are covered by up to 
1.7 m of water during periods of mouth closure. Large invertebrate predators such as 
starfish and whelks are not present in the estuary. Those whelks that are present in the 
estuary tend to be small (< 10 mm length) and include two species of nassarid gastropods, 
Nassarius jonasi and N. butcheri. Gastropods belonging to the Nassaridae are thought to be 
predominantly scavengers rather than predators (Edgar 1997) but their feeding ecology 
remains largely unknown in the Hopkins estuary. Other possible invertebrate predators 
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include one small species of naticid gastropod, Friginatica beddomei, two species of 
nereid polychaete, Australonereis ehlersi and Nereis cockburnensis, and at least one 
unidentified nermertean species. A full species list of benthic invertebrates in the Hopkins 
estuary can be found in Parreira (2000). 
 
The estuary mouth is a popular recreational area used for both fishing and swimming. 
Commercial fisheries do not exist in the Hopkins but the sandflats are exploited by 
recreational fisherman for collecting bait. Bait species typically targeted by recreational 
fisherman include S. alba (locally known as “brown shell”) and the polychaete worm 
Australonereis ehlersi (locally known as “pod worm”). Bait collectors using a bait pump 
are likely to contribute greatly to the reworking of sediment (and possibly the 
redistribution of infauna between channel elevations) at each of the three sites, particularly 
at the shallower channel elevations. 
2.3  Study sites 
All sites sampled in this study were situated south of the Hopkins Point Road bridge, 
hereafter referred to as the Hopkins bridge (Fig. 2.2). The Hopkins bridge occurs 
approximately 600 m north of the estuary mouth and was used as a sampling station for 
collecting physico-chemical data and as a reference point for locating different channel 
elevations at each of the three sampling sites. A reference point was required because 
water and sediment heights can vary over time and there was no reference point located in 
the estuary that referred to the Australian Height Datum. Up to four channel elevations (at 
0.5 m water depth intervals) were sampled, which were situated 2.19, 2.69, 3.19 and 3.69 
m below an arbitrary zero datum point located on the Hopkins bridge (Fig. 2.3). The 
position of the arbitrary zero point and the four channel elevations in relation to the 
Australian Height Datum are presented in Table 2.1. The abundance of S. alba was 
sampled from the 2.19 and 3.19 m channel elevations at three sites on four occasions 
between January 1997 and April 1998 (see Chapter 4) and from all four channel elevations 
at Site 3 only on four occasions between May 1998 and February 1999 (see Chapter 6).   
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The sampling area south of the Hopkins bridge consists of small sand- areas with isolated 
pockets of seagrass habitat comprising four species, Zostera muelleri, Heterozostera 
tasmanica, Ruppia megacarpa and Lepilaena cylindrocarpa (P. Fairweather, pers. comm.). 
A quantitative study of the distribution and abundance of the seagrass species has not been 
conducted but Z. muelleri and H. tasmanica appear to be equally abundant near the mouth 
of the estuary while L. cylindrocarpa is less common (P. Fairweather, pers comm.). R. 
megacarpa tends to occur near the head of the estuary at Tooram Stones (identified as R. 
maritima in Walsh 1994; Walsh & Mitchell 1998).  
 
Water depths covering the sandflats vary seasonally depending on sand build-up at the 
mouth of the estuary. The sandflats are typically exposed when river discharge is sufficient 
to keep the mouth of the estuary open. As discharge subsides during the summer/autumn 
months, large amounts of sand can block the entrance (thus, the mouth is closed) and the 
flats can be covered by up to 1.7 m of water. The minimum water level of the estuary 
measured during this study (2.12 m channel elevation or 0.01 m above AHD) never fell 
below the level of the shallowest sampling elevation (i.e. 2.19 m channel elevation), which 
was covered by an average water depth of 0.69 ± 0.03 m (124 observations between 4/4/96 
and 13/04/99).   
 
The sediments near the mouth of the estuary are typically characterised by an upper oxic 
layer that consists largely of yellow colored sediments, a partially mixed oxic/anoxic layer 
of grey appearance, and a distinct anoxic layer that is characterised by black, sulfurous 
sediment (Fig. 2.4). The proximity of the anoxic layer to the sediment surface varies 
between sites and habitats. The oxic layer can extend to a depth beyond 0.7 m in areas of 
unvegetated habitat but be completely absent in seagrass habitats (i.e. anoxic sediments 
begin at the immediate sediment surface).   
 
Small-scale spatial and temporal changes in the abundance of S. alba were monitored at 
three sites (Fig 2.2) at the 2.19 and 3.19 m channel elevations during January/February 
1997, June/July 1997, November 1997 and April 1998 (see Chapter 4). Site 1 was located 
on the eastern bank immediately south of the Hopkins bridge and was the most upstream 
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site sampled. This site was situated approximately 500 m from the estuary mouth, and 
approximately 200 m from both sites 2 and 3. The depth of the oxic layer varied from 0.17 
m to greater than 0.75 m. Sediments at this site were easily penetrated with the corer, 
which was never impeded by rocks and seldom impeded by the well-compacted, sticky 
sediment characteristic of the anoxic layer. The mean core length at this site was 0.39 m 
(pooled across the four sample dates, SE = 0.004 m, n = 80) at the 2.19 m channel 
elevation and 0.39 m (SE = 0.01 m, n = 80) at the 3.19 m channel elevation.  
 
Site 2 was also located on the eastern bank approximately 350 m upstream of the estuary 
mouth. The sediment was slightly harder to penetrate with the corer than Site 1. A layer of 
decomposed vegetation (probably seagrass) situated at sediment depths of approximately 
0.3 m formed an impenetrable layer for burrowing bivalves and sometimes prevented full 
penetration of the corer. In places without this decomposing vegetative layer, the anoxic 
layer was never reached even with cores taken to 0.7 m depth. The mean core lengths at 
this site were 0.38 m (SE = 0.01 m, n = 80) at the 2.19 m channel elevation and 0.40 m (SE 
= 3.7 x 10-4 m, n = 80) at the 3.19 m channel elevation.  
 
The third sample site (Site 3) was located on the western bank of the estuary and was the 
furthest downstream site. This site was situated approximately 300 m from the mouth and 
approximately 100 m from Site 2 (Fig. 2.2). Large rocks with dimensions greater than the 
diameter of the corer (65 mm internal diameter), together with bedrock and woody debris, 
sometimes made small areas of the shallowest channel elevation at this site difficult to 
sample. Consequently, samples taken at this site tended to have a shorter core length than 
those taken at Sites 1 and 2. For example, the mean core length was 0.3 m (SE = 0.01 m, n 
= 80) at the 2.19 m channel elevation and 0.37 m (SE = 0.01 m, n = 80) at the 3.19 m 
channel elevation. Unimpeded samples typically had an anoxic layer ranging from 0.29 m 
to much greater than 0.40 m in depth.  
 
Two additional channel elevations (2.69 and 3.69 m) were sampled from three transects at 
Site 3 during May 1998, August 1998, November 1998 and February 1999 (Chapter 6). 
The two stations were added to the sampling program at these times to examine the 
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importance of channel elevation to the survivorship of S. alba during peak discharge 
events. Site 3 was chosen for this test because the abundance of S. alba was generally 
greater at this site than Sites 1 & 2.  
 
Sediment characteristics including sediment particle sizes, sorting coefficients & organic 
content were determined from samples collected at each site with a 50 mm diameter corer 
taken to a sediment depth of 100 mm. Three replicate cores were taken at each Site and 
Channel elevation and sediments were dried in an oven at 60oC for at least three days or 
until all sediment was dry. The percent organic matter was calculated from the weight loss 
on ignition of sediment from a 3 g sub-sample placed in an oven at 600oC for 1h. Dried 
sediment sub-samples (≈ 100 g) were shaken for 20 minute intervals using a mechanical 
shaker with nested sieves to separate the sediments into 1, 0.5, 0.25, 0.125, 0.063 and 0 
mm (i.e. collecting pan) particle fractions.  
 
Sediment samples were collected during January/February 1997, June/July 1997, August, 
1997 and April, 1998, which coincided with the first four dates (Dates 1 to 4) used to 
sample S. alba at the 2.19 and 3.19 m channel elevations (see Chapter 4). Samples were 
also taken during August and December 98 (Dates 5 & 6). Therefore, samples from the 
2.19 m channel elevation spanned the duration of this study. Dates 5 & 6 were the only 
times when sediment cores were taken at both the 2.19 and 3.19 m channel elevations. 
 
Because sediment cores at each of the three sites and two channel elevations were taken on 
different dates, the analyses of sediment particle characteristics consisted of three parts:  
i) Two-way mixed-model ANOVA was used to compare sediment characteristics 
(percentage organic matter, median particle size, sorting coefficients and the proportion in 
the 0.125 to 0.25 mm size fraction) between Sites 2 & 3 across all six Dates for the 2.19 m 
elevation only. Date (6 levels) was considered fixed in relation to significant stages of the 
hydrological cycle and Site (2 levels) was considered random (see below);  
ii) Two-way mixed-model ANOVA was used to compare sediment characteristics between 
all three Sites across Dates 3 to 6 for the 2.19 m only. Therefore, the fixed factor Date used 
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during these comparisons consisted of four levels instead of six, and the random factor Site 
consisted of three levels (Sites 1, 2 & 3) instead of two; and  
iii) Three-way mixed-model ANOVA was used to compare Dates, Sites and Channel 
elevations during Dates 5 to 6, since these were the only Dates when both Channel 
elevations were sampled. Therefore, the fixed factors Date and Channel elevation consisted 
of two levels while Site consisted of three levels. Data transformation was not required for 
these data. 
 
The percentage dry weights of each sediment fraction were plotted as cumulative 
frequencies and the median particle size (φ) was obtained as the value where the intercept 
of the cumulative percentage frequency plot equals 50 (Gray 1981) and the Inclusive 
Graphic Standard Deviation (σ) was used as the index for sorting coefficients. A full 
description of these methods is provided in Gray (1981).  
 
The percentage organic content, sorting coefficient (σ) and the proportion of sediment in 
the 0.125 to 0.25 mm size fraction were highly variable for comparisons of Sites 2 & 3 at 
the 2.19 m channel elevation during Dates 1 to 6 as indicated by the significant Date x Site 
interaction terms (Fig. 2.5, Tables 2.2, 2.4 & 2.5). The Date x Site interaction term was not 
significant for an initial analysis of median particle size (φ) (Fig. 2.5, Table 2.3). However, 
an outlier was present in these data and the Date x Site interaction was significant when the 
outlier was removed (df =5, F = 2.591, P = 0.053). 
 
A similar trend in sediment characteristics was also apparent for the comparison of all 
three Sites during Dates 3 to 6 at the 2.19 m channel elevation. The Date x Site interaction 
term was significant for the percentage organic matter and proportion of sediment in the 
0.125 to 0.25 mm size fraction (Fig. 2.5, Tables 2.6 & 2.9). The Date x Site interaction 
term was not significant for comparisons of median particle size or the sorting coefficients 
(Fig. 2.5, Table 2.7 & 2.8) but there was a significant difference between Sites (Fig. 2.5, 
Table 2.7 & 2.8). 
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Sediment characteristics were also extremely variable between the two Channel elevations, 
with the percentage organic content, median particle size, sorting coefficient and the 
proportion of sediment in the 0.125 to 0.25 mm size fraction being highly variable between 
Dates, Sites and Channel elevations (Fig. 2.6, Tables 2.10 to 2.13). However, the 
sediments at the three Sites and both Channel elevations always remained within the coarse 
(1.3 to 1.7 φ) and moderately well- to well-sorted sediment categories across the sampling 
period (0.35 to 0.71 φ, Figs. 2.5 & 2.6, see Gray 1981) despite of the considerable variation 
that occurred between Dates, Sites and Channel elevations as presented above.  
 
Formal multiple comparisons for each of the significant effects were not conducted on 
these data since the ANOVA models consisted of both fixed and random factors, and 
hence, the interaction can be considered a random outcome (Underwood 1997). Instead, 
major trends have been described from the figures only. 
 
At the 2.19 m channel elevation, the median particle size was consistently greatest at Site 
1, followed by Site 2 and then Site 3, which had the smallest median particle size (Figs. 2.5 
& 2.7). However, comparisons of the fine sediment (i.e. the proportion of sediment within 
the 0.125 to 0.25 mm size fraction) was also greatest as Site 1, followed by Site 2 and then 
Site 3, which had the smallest proportion of fine sediments within the 0.125 to 0.25 mm 
size range (Figs. 2.5 & 2.7). Trends associated with the organic content were highly 
inconsistent and did not appear to differ greatly between Sites at any one time (Fig. 2.5). 
The most obvious change in organic content was an increase that occurred between Dates 3 
& 4 (Fig. 2.5). Obvious trends were not as apparent for the comparisons of sediment 
characteristics between channel elevations (Figs. 2.6 & 2.7) but there was further evidence 
that the median particle size and the proportion of sediment within the 0.125 to 0.25 mm 
size fraction was greater at Site 1 compared to Sites 2 & 3.  
2.4 The study organism - Soletellina alba (Bivalvia: Psammobiidae) 
S. alba (Lamarck, 1818) belongs to the superfamily Tellinoidea which is numerically the 
largest superfamily of the Bivalvia class (Willan 1998). The Tellinoidea superfamily is 
sub-divided into five families; Tellinidae, Semelidae, Solecurtidae, Donacidae and 
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Psammobiidae. S. alba belongs to the Psammobiidae with thirty seven species recognised 
in the Australian New Zealand region. The family is represented by four genera, Asaphis, 
Heteroglypta, Gari and Soletellina. Several synonyms exist for S. alba including the 
generic names Psammobia, Hiatula, Gari, Sanguinolaria, Solenotellina, Florisarka, 
Flavolama and Solatellina. A full list of 22 synonyms can be found in Willan (1993).  
 
The specific name (alba) is misleading since the valve of most living specimens is 
typically a purplish or brown colour and is covered with a glossy, golden-brown 
periostracum (Willan 1993). The colouration of S. alba in the Hopkins estuary is typically 
brown to purple (Fig. 2.8) but creamy-yellow individuals also occur. White morphs have 
not been observed by Matthews (1995) nor during this study (pers. obs). The valves are 
very thin and brittle and gape at both the posterior and anterior ends. The species has two 
very fragile, long white siphons that break easily when handled. Willan (1993) suggests 
that adult S. alba bury to a depth of 60 mm but living individuals sampled during this study 
and by Matthews (1995) have been observed at sediment depths of up to 300 mm. The 
characteristics of dead or dying bivalves collected during the flooding event of 1996 are 
shown in Figure 2.9. 
 
The distribution of S. alba extends along the southern coast of Australia from Hervey Bay 
(east coast) to the Dampier Archipelago (west coast) and has the most widespread 
distribution of all Australia’s endemic psammobiids (Willan 1993). The biology or ecology 
of this species is yet to be studied (Ponder et al. 2000) despite of its wide distribution in 
Australia.  
 
In total, five species of bivalve, four infaunal species including S. alba and one epifaunal 
species, occur in the Hopkins estuary. The three other infaunal species include Tellina 
(Macomona) deltoidalis, Arthritica helmsi and Laternula gracilis. The epifaunal species 
include the mussel Xenostrobus securis which lives on hard substrata particularly among 
the calcareous tubes of the serpulid polychaete Ficopomatus enigmaticus. A. helmsi is the 
only bivalve species that occurs commonly among S. alba at the three sites sampled. A. 
helmsi is a very small bivalve (maximum shell length 3.1 mm) that can be found in very 
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large numbers (up to 130 retained on a 0.5 mm mesh per core, core volume = 1.66 x 10-3 
m3). T. deltoidalis and L. gracilis have patchy distributions and so were seldom sampled. 
T. deltoidalis appeared to be more common in muddier sediments than those inhabited by 
S. alba (pers. obs). 
2.5 General Methodology 
2.5.1  Abundance estimates  
The terms grain, extent (Wiens 1989) and lag (Thrush et al. 1997) have been used in 
ecological studies for describing components of scale. These three terms, as used in this 
study, are defined as: grain, the area (or size) of an individual sample; lag, the inter-sample 
distance; and extent, the total area sampled (Wiens 1989, Thrush et al. 1997). 
 
Abundances of S. alba (Chapters 4 & 6) were estimated from core samples taken with a 
PVC pipe with an internal diameter of 65 mm (grain in terms of area of a corer = 3.3 x 10-3 
m2). Individual cores were divided into two sections. The first section consisted of the 
upper 50 mm of sediment and was used for counting small bivalves retained on a 0.5 mm 
mesh. These small bivalves had a mean length of 2.8 mm (pooled across the four sample 
dates, SE = 0.102 mm, n = 722) and were considered to be recent recruits that were 
unlikely to be sexually mature. However, the minimum size and age of sexual maturity has 
not been determined, so bivalves sampled in the first section of each core have been 
tentatively labelled as juveniles for this study. The remainder of the core (Section 2) was 
used for counting larger bivalves that were retained on a 1 mm mesh. Bivalves collected in 
Section 2 of each core had a mean length of 23.5 mm (pooled across the four sample dates, 
SE = 0.288 mm, n = 819) and were tentatively labelled as adults. The length of core 
Section 2 varied between replicates due to the position of the anoxic layer and because of 
rocks (bedrock and boulders > diameter of corer) impeding penetration of the corer. 
Unimpeded cores were taken to a depth of 400 mm which ensured that the deepest 
burrowing adults would be sampled (Matthews 1995). All samples were collected by 
divers using mask and snorkel in water depths at the deepest channel elevation (3.69 m) 
ranging between 1.7 and 2.2 m. 
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Twenty replicate core samples (lag = 1.5 m) were taken at each Site x Channel elevation 
combination during four, irregularly spaced occasions between January 1997 and April 
1998 (total number of replicates per sample date, n = 3 Sites x 2 Channel elevations x 20 
replicates = 120 , see Chapter 4). Six replicate core samples (lag = 1 m) were taken at each 
Transect x Channel elevation combination on four, irregularly spaced occasions between 
May 1998 and February 1999 (total number per sample date, n = 3 Transects x 4 Channel 
elevations x 6 replicates = 72, see Chapter 6). All core samples were taken along a narrow 
contour band on the channel slope at each Site x Channel elevation combination (extent = 
30 m long by 0.3 m wide = 9 m2, see Chapter 4) and each Transect x Channel elevation 
combination (extent = 6 m long x 0.3 m wide = 1.8 m2, see Chapter 6).  
 
Penetration of the corer sometimes crushed bivalves collected in a core sample. Only the 
posterior portion (i.e. portion that included the siphons) of a crushed individual was 
included in counts of abundance. Length measurements were recorded for every entire 
individual only (i.e. not crushed). Length measurements of crushed bivalves were not 
possible and additional losses of juveniles occurred when they were crushed or dropped 
during sorting. Hence, the total count of abundance (crushed plus entire bivalves) was 
often greater than the total number of bivalve length measurements (see Chapters 4 & 6). 
 
All core samples were sieved in the field and preserved in a solution of 10% buffered 
formalin made with estuarine water collected on the day of sampling. Samples were kept in 
the formalin solution for at least one week before being transferred to 70% ethanol. Both 
core sections were sorted under a dissection microscope at 10 x magnification.  
2.5.2 Measurements of length & mass 
Valve measurements of entire bivalves were made between the anterior and posterior 
margins of the valve. Larger bivalves collected in Section 2 of the core were measured 
using digital vernier calipers (Mitutoyo, CD-8″ C) and juvenile bivalves collected in 
Section 1 were measured using a Ziess dissecting microscope and digitising tablet 
(Summasketch III). Digital scales (OHAUS, GT410) were used to measure the biomass of 
bivalves that had been dried in an oven at 60oC for three days.  
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2.5.3 Monitoring of growth  
Two cage types designed to hold small (2 to 3 mm) and large bivalves (>10 mm), 
respectively, were used during this study (see Chapters 5 & 6). Small bivalves were held in 
cylindrical cages constructed by cutting windows (for water exchange) into 50 mm PVC 
piping. These small cages stood 120 mm high and were covered with 1 mm plastic mesh to 
allow percolation of water (Fig. 2.10). Large cages were constructed by cutting windows 
into 90 mm PVC piping. These large cages stood 300 mm high and were covered with 3 
mm plastic mesh (Fig. 2.10).  
 
On the day of deployment individual cages were filled with sand collected from the site 
where they were deployed. Individual cages were placed 50cm apart at the same channel 
elevation (2.28 m) by divers using mask and snorkel. All cages were completely covered 
by 10 mm of sediment so that no part of the cage protruded into the water column. A small 
white float (a polystyrene ball of 50 mm diameter) was attached to each cage with a length 
of string so that the floats sat approximately 100 mm above the sediment surface. The 
floats were difficult to see from the water surface but were clearly visible when diving with 
a mask and snorkel. 
 
All bivalves used in caged (see Chapters 5 & 6) and uncaged plots (see Chapter 5) were 
individually tagged with small pieces of labelled water-proof paper (approximately 2 x 2 
mm squares) that were attached to one valve using Selley’s 5-minute Araldite glue (Fig. 
2.8). One valve of each bivalve was dried with blotting paper so that the glue could attach 
to the shell and all tagging of bivalves occurred in the laboratory. Once the glue had set, 
bivalves were added to aerated containers, held in the laboratory overnight and then 
deployed in the estuary the following day. 
2.6 Data Analyses 
Statistical analyses were conducted using version 7 of the SYSTAT software package. All 
comparisons of abundance were analysed using ANOVA (Chapters 4 & 6), burrowing 
times (Chapter 6) were analysed using a Repeated Measures ANOVA, and comparisons of 
growth (Chapters 5 & 6) and biomass (Chapters 4, 5 & 6) were analysed using ANCOVA. 
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Data were log-transformed using log10(x + 1) when zero values were present or log10(x) to 
meet the assumptions of ANOVA and ANCOVA when necessary. The ANOVA 
assumptions (tests for normality and homogeneity of variance) were tested using residual 
plots (estimate against residual, histograms and probability plots) and Cochran’s test, 
respectively (Underwood 1981; Wilkinson et al. 1996).  
 
The position of each of the three Sites (Chapters 4 & 5) and each Transect (Chapter 6) 
were chosen haphazardly and only represented a small portion of the total area that could 
have been divided into a number of different sites. Therefore, they were considered 
random factors. The four Channel elevations were chosen to represent the full 
distributional range of S. alba with increasing water depth (Chapters 4 & 6) and sample 
dates were planned to coincide with particular stages of the estuary’s hydrological cycle 
(Chapters 4, 5 & 6). Therefore, the factors Channel elevation and Date were considered 
fixed.  
 
Chi-square tests (r x c tables) and Fisher’s exact test (2 x 2 tables) were used to compare 
the frequencies of mortality (Chapters 5 & 6), periods of river discharge and mouth closure 
(Chapter 3) and discrete size classes (Chapter 4).  
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Figure 2.1: The Hopkins River estuary showing the position of the study site at the mouth 
of the estuary (source - Bantow et al. 1995).  
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Figure 2.2: A map of the mouth of the Hopkins River estuary including the position of the 
three sample sites used during this study (source - Sherwood 1982).  
   = Site 1,       = Site 2,      = Site 3  
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Figure 2.3: Profile of the substratum directly below the southern side rail of the Hopkins 
bridge. Arrows show the position of the seven sampling stations used to measure the 
physico-chemical regime (see Chapter 3). The position of the 2.19 and 3.19 m channel 
elevations are represented by the dashed lines. 
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Figure 2.4. A core sample taken from unvegetated sediment near the mouth of the Hopkins 
River estuary showing the contrast between sediment colours of oxic and anoxic sediment.  
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Figure. 2.5 The percentage organic content, median particle size, percentage of fine 
sediment (0.25mm > sediment particle size > 0.125 mm) and the sorting coefficient of 
sediment collected from the three sites at the 2.19 m channel elevation across Dates 1 to 6. 
Error bars = SE (n = 3). Data for Dates 1 & 2 were taken from Parreira (2000) with 
permission. All three Sites were sampled after Date 2.  
   = Site 1,       = Site 2,      = Site 3  
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Figure 2.6: The percentage organic content, median particle size, percentage of fine 
sediment (0.25mm > sediment particle size > 0.125 mm) and the sorting coefficient of 
sediment collected from the three sites at the 2.19 & 3.19 m channel elevations across 
Dates 5 to 6. Error bars = SE (n = 3). 
    1, 2.19 m
1, 3.19 m
2, 2.19 m
2, 3.19 m
3, 2.19 m
3, 3.19 m
Site, Channel elevation
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Figure 2.7: The cumulative frequency distribution (%) for sediments at each of the three 
Sites at both Channel elevations near the mouth of the Hopkins estuary during Date 5 only. 
Error bars = Standard deviations since standard errors would be too small to be seen.  
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Figure 2.8: The study organism, S. alba, with a small water proof tag attached to one valve. 
These were the tags used to monitor the growth in Chapter 5. 
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Figure 2.9: Moribund individuals collected during the winter floods of 1996.  
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Figure 2.10: The two cage types used during this study to monitor the growth of S. alba 
(see Chapter 5). 
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Small cage 120 mm tall with
50 mm internal diameter
Large cage 300 mm
tall with 90 mm
internal diameter
1 mm mesh 2 to 3 mm mesh
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Table 2.1: The position of the four channel elevations in relation to the Australian Height 
Datum. The 2.19 m channel elevation was situated approximately 0.05 m below the 
Australian Height Datum (AHD).  
 
Channel elevation used in 
this study 
 
Position in relation to AHD 
Arbitrary zero datum point 
(Hopkins bridge) 
+ 2.14 m 
2.19 m - 0.05 m 
2.69 m - 0.55 m 
3.19 m - 1.05 m 
3.69 m - 1.55 m 
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Table 2.2 Two-way mixed-model ANOVA comparing the percentage organic content of 
samples taken from the 2.19 m channel elevation at Sites 2 & 3 during Dates 1 to 6. The 
mean-square of the fixed factor Date was tested over the mean-square of the Date x Site 
interaction. The remaining factors were tested over the Error mean square. 
 
Source of variation df Mean-Square  F-ratio P  
 
Date   5 2.874   17.418  <0.005  
Site   1 0.514   8.723  0.007  
Date x Site  5 0.165   2.804  0.039  
Error   24 0.059 
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Table 2.3 Two-way mixed-model ANOVA comparing the median particle size of sediment 
samples taken at the 2.19 m channel elevation from Sites 2 & 3 during Dates 1 to 6. F-
ratios were constructed as per Table 2.1  
  
Source of variation df Mean-Square  F-ratio P 
 
Date   5 0.001   0.235  >0.250 
Site   1 0.037   24.029  <0.001 
Date x Site  5 0.003   2.017  0.112 
Error   24 0.002 
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Table 2.4 Two-way mixed-model ANOVA comparing the sorting coefficient of sediment 
samples taken at the 2.19 m channel elevation from Sites 2 & 3 during Dates 1 to 6. F-
ratios were constructed as per Table 2.1  
 
Source of variation df Mean-Square  F-ratio P 
 
Date   5 0.004   0.365  >0.250 
Site   1 0.010   6.618  0.017 
Date x Site  5 0.012   7.674  <0.001 
Error   24 0.002 
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Table 2.5 Two-way mixed-model ANOVA comparing the proportion of fine sediment (the 
0.125 to 0.25 mm size range) for samples taken at the 2.19 m channel elevation from Sites 
2 & 3 during Dates 1 to 6. F-ratios were constructed as per Table 2.1  
 
Source of variation df Mean-Square  F-ratio P 
 
Date   5 17.738   1.380  >0.250 
Site   1 378.238  195.789 <0.001 
Date x Site  5 12.850   6.652  <0.001 
Error   24 1.932 
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Table 2.6 Two-way mixed-model ANOVA comparing the percentage organic content of 
sediment samples taken at the 2.19 m channel elevation from Sites 1, 2 & 3 during Dates 3 
to 6. F-ratios were constructed as per Table 2.1. 
 
Source of variation df Mean-Square  F-ratio P 
 
Date   3 2.122   4.946  <0.050 
Site   2 0.646   11.124  <0.001 
Date x Site  6 0.429   7.377  <0.001 
Error   24 0.058 
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Table 2.7 Two-way mixed-model ANOVA comparing the median particle size of sediment 
samples taken at the 2.19 m channel elevation from Sites 1, 2 & 3 during Dates 3 to 6. F-
ratios were constructed as per Table 2.1  
  
Source of variation df Mean-Square  F-ratio P 
 
Date   3 0.001   0.414  >0.250 
Site   2 0.034   38.113  <0.001 
Date x Site  6 0.002   1.813  0.139 
Error   24 0.001 
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Table 2.8 Two-way mixed-model ANOVA comparing the sorting coefficient of sediment 
samples taken at the 2.19 m channel elevation from Sites 1, 2 & 3 during Dates 3 to 6. F-
ratios were constructed as per Table 2.1  
 
Source of variation df Mean-Square  F-ratio P 
 
Date   3 0.003   2.801  >0.100 
Site   2 0.006   10.362  0.001 
Date x Site  6 0.001   1.804  0.141 
Error   24 0.001 
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Table 2.9 Two-way mixed-model ANOVA comparing the proportion of fine sediment (the 
0.125 to 0.25 mm size range) taken from the 2.19 m channel elevation at Sites 2 & 3 during 
Dates 1 to 6. F-ratios were constructed as per Table 2.1  
 
Source of variation df Mean-Square  F-ratio P 
 
Date   3 7.985   0.852  >0.250 
Site   2 304.905  138.715 <0.001 
Date x Site  6 9.366   4.261  0.005 
Error   24 2.198 
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Table 2.10 Three-way mixed-model ANOVA comparing the percentage organic content of 
sediment sampled taken at both channel elevations from Sites 1, 2 & 3 during Dates 5 to 6. 
The mean-square of the fixed factor Date was tested over the mean-square of the Date x 
Site interaction, the mean-square of the fixed factor Channel elevation was tested over the 
mean-square of the Site x Channel elevation interaction and the mean-square of the Date x 
Channel elevation interaction was tested over the mean-square of the Date x Site x Channel 
elevation interaction term. The remaining factors were tested over the Error mean-square. 
 
Source of variation   df Mean-Square  F-ratio P 
 
Date     1 2.851   119.924 <0.010 
Site     2 0.070   2.803  0.081 
Channel elevation   1 0.622   1.887  >0.250 
Date x Site    2 0.024   0.954  0.399 
Date x Channel elevation  1 0.912   2.539  >0.250 
Site x Channel elevation  2 0.329   13.221  <0.001 
Date x Site x Channel elevation 2 0.359   14.418  <0.001 
Error     24 0.025 
 
 60
Table 2.11 Three-way mixed-model ANOVA comparing the median particle size of 
sediment sampled taken at both channel elevations from Sites 1, 2 & 3 during Dates 5 to 6. 
F-ratios were constructed as per Table 2.9  
 
Source of variation   df Mean-Square  F-ratio P 
 
Date     1 0.0002   0.040  >0.250 
Site     2 0.0372   68.388  <0.001 
Channel elevation   1 0.0028   0.850  >0.250 
Date x Site    2 0.0044   8.102  0.002  
Date x Channel elevation  1 0.0022   0.216  >0.250 
Site x Channel elevation  2 0.0033   6.143  0.007  
Date x Site x Channel elevation 2 0.0101   18.510  <0.001 
Error     24 0.0005  
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Table 2.12 Three-way mixed-model ANOVA comparing the sorting coefficient of sediment 
sampled taken at both channel elevations from Sites 1, 2 & 3 during Dates 5 to 6. F-ratios 
were constructed as per Table 2.9  
 
Source of variation   df Mean-Square  F-ratio P 
 
Date     1 0.0001   1.978  >0.250 
Site     2 0.0103   16.711  <0.001 
Channel elevation   1 0.0026   4.917  >0.100  
Date x Site    2 0.0001   0.073  0.929 
Date x Channel elevation  1 0.0024   1.020  >0.250 
Site x Channel elevation  2 0.0005   0.849  0.440 
Date x Site x Channel elevation 2 0.0023   3.736  0.039 
Error     24 0.0006  
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Table 2.13 Three-way mixed-model ANOVA comparing the proportion of fine sediment 
(the 0.125 to 0.25 mm size range) from samples collected at both channel elevations from 
Sites 1, 2 & 3 during Dates 5 to 6. F-ratios were constructed as per Table 2.9  
 
Source of variation   df Mean-Square  F-ratio P 
 
Date     1 4.936   0.167  >0.250 
Site     2 312.278  196.238 <0.001 
Channel elevation   1 29.503   1.275  >0.250 
Date x Site    2 29.516   18.548  <0.001 
Date x Channel elevation  1 11.211   0.169  >0.250 
Site x Channel elevation  2 23.141   14.542  <0.001 
Date x Site x Channel elevation 2 66.243   41.628  <0.001 
Error     24 1.591 
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Chapter 3: Hydrology, river discharge & the physico-chemical 
environment  
3.1 Introduction 
Discharge patterns in the Hopkins River are highly seasonal with peaks (or winter flooding) 
commonly occurring between July and September and minimum flows occurring between 
January and March. However, this study coincided with an El Niño event from March 1997 
to April 1998, followed by a La Nina event from May 1998 to April 1999. El Niño events 
in Australia are often accompanied by drought periods and La Nina events typically lead to 
periods of above average rainfall. Rainfall, and therefore river discharge, for the three-year 
period between 1997 and 1999 differed greatly than expected, and was well below average 
despite the occurrence of La Nina in 1998 & 1999. In southern Australia, the status of an 
estuary mouth (opening verses closure) is often related to patterns of river discharge. The 
low river flows associated with the El Niño and La Nina events were expected to result in 
greater periods of mouth closure than years with average river discharge. Therefore, part of 
the purpose of this chapter is to describe the frequency of mouth closure in the Hopkins 
estuary and to compare patterns of river discharge during the study period with the longer-
term average.  
 
As mentioned in Chapter 1, the initial purpose of this study was to assess the importance of 
winter flooding to the persistence of S. alba in the Hopkins River estuary. Winter flooding 
was suggested as the likely cause of mass mortalities of bivalves described by Matthews 
(1995) and Mills (1996). Matthews (1995) hypothesised that low salinities associated with 
increased freshwater discharge were the most likely cause of mass mortalities. Therefore, 
the main purpose of this chapter is to provide a description of the range of salinities likely 
to have been experienced by S. alba near the mouth of the estuary during the study period. 
These measurements were taken in anticipation of flood events and were important as an 
indirect test of the above hypothesis and for helping identify areas that may act as refuges 
for S. alba during periods of excessive freshwater input (e.g. such as different channel 
elevations, see Chapter 6). 
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The aims of this chapter are: 
1)  To describe the within- and between-season variability in frequency of mouth closure;  
2)  To describe and compare patterns of river discharge prior to and during the study 
period; and 
3)  To describe small-scale, spatial and intra- and inter-annual variability in salinity near 
the estuary mouth. 
3.2 Methods 
3.2.1 Hydrology & river discharge 
Visual observations were made daily to record the status of the estuary mouth. Several 
observers contributed data for this section including myself, Peter Fairweather, Sandra 
Parreira and Helen Arundel, who were all working in the estuary during the study period, 
plus data for 1995 were taken from Rouse (1998). Records were made on most days but 
there were some periods when the status of the mouth was not recorded.  
 
River discharge data were provided by Thiess Environmental Services. Measurements of 
river discharge are recorded at the Hopkins Falls, which are situated ≈20 km upstream of 
the estuary mouth. No other station exists closer to the estuary mouth, so these data are 
slight underestimates of the total river discharge since they do not include the contribution 
made by the small tributary, Brucknell Creek, which enters the Hopkins river between the 
falls and the estuary mouth. Measurements of river discharge are presented as 
megalitres/day. 
3.2.2 Salinity  
Salinity was measured at two locations during the duration of this study. Most 
measurements were taken from seven stations positioned on the Hopkins bridge (Fig. 2.3) 
at irregular intervals between 4/04/96 and 15/02/99. Other measurements were taken from a 
boat positioned closer to the mouth of the estuary between 13/8/97 and 16/4/98. Samples 
from the boat were taken at three haphazardly chosen stations on the eastern and western 
banks of the estuary. Replicate measurements on each bank of the estuary were separated 
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by a distance of approximately 20 m. Boat and bridge readings were taken with a Yeokal 
Intelligent Water Quality Analyser (model 611) at the water surface and then at 0.5 m depth 
intervals below an arbitrary zero datum point located on the Hopkins bridge. The position 
of the seven stations and a profile of the estuary’s substratum directly beneath the southern 
side rail of the Hopkins bridge is shown in Figure 2.3. Physico-chemical measurements 
from the Hopkins bridge were generally taken twice on the same day when the estuary 
mouth was open (i.e. ≈ high and low tides) and only once a day when the mouth was 
closed. Boat measurements were only recorded once a day regardless of mouth status. 
 
Salinity measurements were generally taken from the 2.00, 2.50, 3.00, 3.50 and 4.00 m 
channel elevations depending on the water level in the estuary. For example, salinity at the 
2.00 m channel elevation could not be measured if the water level in the estuary at the time 
was just below the 2.00 m channel elevation but the remaining channel elevations could be 
sampled. Varying water levels were only responsible for creating missing values at the 2.00 
and 2.50 m channel elevations during this study and at no time did the water level measured 
during this study ever fall below the shallowest channel elevation used to sample S. alba 
(i.e. the 2.19 m channel elevation, see Fig. 2.3). 
 
Samples of S. alba were taken from the 2.19 & 3.19 m channel elevations as described in 
Chapter 4 and from the 2.19, 2.69, 3.19 and 3.69 m channel elevations as described in 
Chapter 6. The channel elevations used to sample S. alba did not match exactly those used 
to sample salinity (e.g. salinity was sampled at the 2.00 m channel elevation whereas 
abundances were sampled at the 2.19 m channel elevation). Therefore, salinity data 
recorded at successive channel elevations directly above and below the channel elevation 
used to sample S. alba were pooled to provide a description of the greatest range of 
salinities likely to have been experienced at each of the channel elevations described in 
Chapters 4 & 6. For example, salinities measured at the 2.00 and 2.50 m channel elevations 
were pooled to provide a description of the range of salinities likely to have been 
experienced by bivalves at the 2.19 m channel elevation; and salinities measured at the 3.00 
and 3.50 m channel elevations were pooled to provide a description of salinities likely to 
have been experienced at the 3.19 m channel elevation; and so on.  
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The first description of salinity given here consists of a comparison of salinity regimes 
recorded during a flood year (1996) and two non-flood years (1997 & 1998). Numerous 
salinity measurements were taken during each year so the data were pooled across months 
and tides to reduce the clutter of data points in each of the three figures. Within-month as 
well as tidal variation in salinity are shown in subsequent sections of this chapter. 
 
Samples of S. alba were collected during January/February 1997, June/July 1997, early 
November 1997 and early April 1998 (see Chapter 4) and late May 1998, early August 
1998, early November 1998 and early February 1999 (see Chapter 6). Therefore, the 
salinity data were divided into blocks of time (approximately 3 month intervals) that 
corresponded to the period prior to each of these S. alba sample dates. These three-month 
blocks of salinity data will now be referred to as Dates 1 to 8, respectively. Separate figures 
were used to present salinity data for Dates 1 to 4 (corresponding to Chapter 4 sample 
dates) and 5 to 8 (corresponding to Chapter 6 sample dates) and data for these comparisons 
were pooled across tides but not months. 
 
Regular samples of S. alba taken during Chapter 4 together with other observations made 
during the four-year period between 1996 and 1999 suggest that recruitment might begin 
during December and finish as late as April. After April, bivalve larvae are rarely present in 
the water column (H. Arundel, pers. comm). Therefore, salinity data was also divided into 
blocks of time demarcated by November and April (approximate 6 month blocks) during 
the one flood year (1996) and two non-flood years (1997 & 1998). These blocks of time 
were then used to describe the range of physico-chemical parameters that larval and early 
post-larval bivalves were likely to have experienced prior to, and after, recruitment.    
 
The Hopkins bridge is situated approximately 500 m upstream of the three sites used to 
sample the abundance of S. alba (see Chapter 2 for description). A boat was used so that  
physico-chemical measurements could be taken closer to the mouth of the estuary, where 
the three Sites used to sample S. alba were situated. This aim of the boat sampling was to 
determine how well the physico-chemical regime measured at the Hopkins bridge 
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represented the physico-chemical regime closer to the mouth of the estuary. It was not 
possible to take simultaneous measurements of salinity on both the Hopkins bridge and the 
boat, so there was some time difference between measurements taken at the two locations. 
Most measurements were taken within 1 hour of each other but on some occasions the time 
difference was greater than 6 hours.  
 
Small-scale variation in the salinity regimes at the mouth of the estuary were examined by 
comparing salinities measured from a boat positioned above the east and west banks of the 
estuary. Three haphazard measurements of salinity were recorded on 18 occasions between 
3/8/97 and 16/4/98 from the eastern and western banks of the estuary. Measurements taken 
on the east and west bank were situated above two (Sites 2 & 3, respectively) of the three 
sites used to sample S. alba described in Chapter 4. Site 3 was also used to sample S. alba 
as described in Chapter 6. 
 
The final comparison describes fluctuations in salinity that were associated with tidal 
changes. Measurements of salinity taken at approximately high and low tide were measured 
from the Hopkins bridge on 27 occasions between the 21/4/96 and 6/10/98. 
3.2.3  Dissolved oxygen 
Irregular measurements of dissolved oxygen concentrations were also made 
(simultaneously with salinity) using the Yeokal Intelligent Water Quality Analyser (model 
611). However, the number of temporal measurements (due to maintenance problems) and 
sampling stations (3 instead of 7, see Fig. 2.3) differed from those used to record salinities; 
also measurements recorded from the boat are not presented. Only the deepest Hopkins 
bridge stations (stations 1 to 3, see Fig. 2.3) were used since the fine, anoxic bottom 
sediments appeared to interfere with readings if they were disturbed by the probe at the 
shallower channel elevations. Mean monthly data together with the minimum and 
maximum monthly values representing the 2.19, 2.69, 3.19 and 3.69 m Channel elevations 
have been presented (data pooled across Channel elevations in the same manner as 
described above). Data were also pooled across month and tides as was described for the 
yearly comparisons of salinity.  
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3.2.4 Statistical Analysis  
3.2.4.1  River discharge 
The unexpected differences in river discharge experienced during 1997, 1998 and 1999 
were illustrated by comparing these years to 1995, 1996 and the longer term data (1955-
1995) using a Pearson chi-square test. Comparisons between years were made by 
comparing the number of days in each year when river discharge was greater than 500 ML. 
This number was chosen because it is similar to the river discharge expected in June, which 
is the month prior to the onset of winter flooding. It is also a value well below that expected 
to cause significant mortalities of S. alba.  
 
A Pearson chi-square test was also used to compare the mouth status by comparing the 
number of days when the mouth was open versus the number of days that it was closed. 
3.2.4.2  Salinity 
Regression and correlation analyses (using the Pearson coefficient) were used to address 
whether measurements of salinity taken from the Hopkins bridge were representative of 
those measured from a boat positioned closer to the mouth of the estuary and vice versa. 
Salinities recorded at the 2.19 and 3.19 m channel elevations were analysed separately and 
data were log-transformed [log10(x)] to meet assumptions of normality. 
3.3 Results 
3.3.1 Hydrology & river discharge 
Generally, the mouth of the estuary is expected to close during periods of low river flow, 
but this was not always observed during this study. The mouth remained open more often 
than it was closed during 1997, despite river discharge for this year being well below 
average (Figs. 3.1 & 3.2, Table 3.1). The mouth was open for 240 days between 22/2/96 
and 31/12/96, 298 days during 1997, just over half of the year in 1998 (188 days) and less 
than half the year in 1999 (116 days, Fig. 3.1, Table 3.1). River discharge for the latter two 
years was also well below average (Figs. 3.2 & 3.3).  
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Mean river discharge varied considerably during the study period (Figs. 3.2 & 3.3, Table 
3.2). Mean monthly river discharge for the flood year described by Matthews (1995) and 
the first year of this study (1996) were slightly greater than the longer term average (Figs. 
3.2 & 3.3). The succeeding years (1997 to 1999) were characterised by mean monthly 
discharge values that were well below the longer-term average. Daily river discharge rose 
above 500 ML on just 8 occasions during the 1063 day period between 1/1/1997 and 
30/11/1999, which is considerably less than expected from the longer-term average (Table 
3.2). The three-year dry period experienced during this study is an extremely rare event. 
The driest three year period on record prior to 1997 occurred between 1965 to 1967, where 
the total number of days above 500 ML was 104, considerably greater than the 8 days 
during 1997 to 1999. River discharge never rose above 500 ML during 1997, which is only 
the third time that this has occurred since discharge measurements began in May, 1955. 
Also, 1995 and 1996 had floods even though they had fewer days greater than 500 ML than 
for the longer-term average.  
3.3.2 Salinity 
The salinity regimes for the flood year (1996) and two non-flood years (1997 & 1998), 
together with mean monthly discharge, are shown in Figure 3.2. Bivalves living at the 2.19 
m channel elevation were exposed to mean salinities less than 2 ppt during the flood of 
1996. The mean salinities experienced by bivalves at the 3.19 m channel elevations were 
greater than the 2.19 m channel elevation but were still at the lower limit of tolerance 
exhibited by S. alba in the laboratory (i.e. 5 ppt, see Chapter 6).  
 
Unexpectedly, the estuary mouth remained open for most of 1997 (Fig. 3.1) despite very 
low river discharge, and the estuary remained stratified for most of the year. Salinities at 
the two channel elevations converged during September 1997, which coincided with the 
greatest period of river flow for 1997. River discharge was an order of magnitude less than 
the longer-term average for this time of year and hence, mean monthly salinities never fell 
below 5 ppt (Fig. 3.2).  
 
The estuary was well mixed between January and April of 1998 with salinities at the two 
channel elevations being very similar (Fig. 3.2). This was a period when the mouth 
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remained closed for an extended period (Fig. 3.1). Mean monthly salinities remained lower 
than 10 ppt at the 2.19 m channel elevation until October, whereas salinities at the 3.19 m 
channel elevation increased significantly after the mouth opened in May (i.e. an influx of 
seawater at depth). Increased salinities occurred at both channel elevations when the mouth 
had remained open for an extended period during September and October (Fig. 3.1).  
 
Salinities prior to each of the S. alba sample dates described in Chapter 4 are shown in 
Figure 3.4, which shows within-month variation but not between-tide variation. Salinities 
in the 3 month period prior to the sampling of S. alba in January/February 1997 (i.e. Date 
1) were above 20 ppt at both channel elevations (Fig. 3.4). The mouth was expected to be 
closed for most of the period leading up to the sampling of S. alba during June/July 1997, 
and hence, salinities were expected to be homogenous throughout most of the water column 
due to a lack of tidal exchange. However, the estuary remained stratified during this period 
whilst the mouth of the estuary remained open (probably due to the replenishment of 
seawater at depth). Salinities were greater than expected for the period leading up to 
sampling of S. alba in August, 1997 due to low river flow. River discharge and/or tidal 
exchange did reach a level where salinities at the two channel elevations became similar 
during July and September. Salinities during this time were expected to fall below 1ppt but 
low river discharge (i.e. the absence of winter flooding) prevented this from occurring. The 
mouth was closed for most of the three month period prior to sampling of S. alba in April 
1998. The estuary was well mixed during this time and salinities were lower than 10 ppt 
(Fig. 3.4). These salinities were much lower than expected during periods of mouth closure. 
 
The mouth was artificially breached by human action at least twice between 1/12/97 and 
17/05/98 (Figs. 3.4 & 3.5). Both of these attempts were relatively unsuccessful and the 
mouth closed over within a week of opening. After 17/05/98, the mouth of the estuary 
opened and closed several times until August when it remained open until the following 
December. A salt wedge established itself after the opening of the mouth on 17/05/98 and 
salinities were clearly different between the shallowest (2.19 m) and deepest (3.19 m) 
channel elevations for most of the remainder of 1998 (Fig. 3.5). A very high tide on 6/10/98 
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pushed salinities above 33 ppt at all channel elevations. River flow was again very low 
during the July to November period and all salinities remained above 5 ppt (Fig. 3.5). 
 
There was considerable variation in salinity between years at the 2.19 and 3.19 m channel 
elevations coincident to the period of recruitment of S. alba (November to April, Fig. 3.6). 
Salinities during late 1997 and early 1998 were much lower than the corresponding periods 
during 1996/97 and 1998/99. Recruits were abundant during 1996 (personal observation), 
1997 and 1999 (Chapter 4) but very few recruits were found during 1998 (Chapter 6).  
 
Tides influenced salinities differently depending on the date they were sampled (Fig. 3.7). 
There was no obvious trend between salinity, changes in tide and tidal amplitude, although 
some of the largest tidal differences in salinity did occur on dates with the greatest tidal 
amplitude (Fig. 3.7). River flow also appeared to have an important influence on salinity 
changes at both channel elevations during flood and ebb tides. For example, during periods 
of low flow, changes in tide resulted in a greater change in salinity at the 2.19 m channel 
elevation compared to the 3.19 m channel elevation (between April/May and November 
1996, Fig. 3.7), while salinities fluctuated more at the 3.19 m channel elevation during 
periods of increased flow (July to September 1996, Fig. 3.7). 
 
Measurements of salinity recorded from a boat at the 2.19 and 3.19 m channel elevations 
were highly correlated with measurements taken on the same day from the Hopkins bridge 
(Figs. 3.8 & 3.9, Table 3.3). Data were more highly correlated at the 2.19 m channel 
elevation than the 3.19 m channel elevation. Generally, measurements of salinity taken 
from the boat is a good predictor of salinity at the bridge, except when there is a large time 
lag between measurements when the mouth is open (Fig. 3.9, Table 3.3). This is illustrated 
by the group of outliers shown towards the bottom right-hand corner of Figure 3.9 for both 
the 2.19 and 3.19 m channel elevations. Measurements on this date (2/10/97) were recorded 
when the mouth was open, and when the time lag between measurements was greater than 
5 hours.  
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There was very little difference between salinities measured from a boat on the east and 
west banks of the estuary (Fig. 3.10). This was consistent at both channel elevations 
although any slight variations appeared greater at the 3.19 m channel elevation (Fig. 3.10).   
3.3.3 Dissolved oxygen 
Monthly dissolved oxygen concentrations at the 2.19, 2.69. 3.19 and 3.69 m channel 
elevations are shown in Figure 3.11. Periods of supersaturation were common, particularly 
at the two shallower channel elevations (Fig. 3.11). As expected, dissolved oxygen 
concentrations decreased with increasing channel elevation, but mean values rarely fell 
below 6 mg/L (Fig. 3.11, Table 3.4). However, brief periods of hypoxia or anoxia were 
experienced at the 3.19 and 3.69 m channel elevations and within month variation also 
appeared to be greatest at these elevations (Fig. 3.11).  
3.4 Discussion 
There was considerable year- to- year variation in hydrology, river discharge and salinity 
during the study period. The first year of this study was a wet year, which was similar to 
1995 and to that expected from the longer-term average. The flood period of 1996 was 
sufficient enough to reduce salinities below 1 ppt at the mouth of the estuary on at least two 
occasions during September (Fig. 3.7). This was apparent at the 2.19 and 3.19 m channel 
elevations during both flood and ebb tides.   
 
The years following 1996 were characterised by below-average river discharge. Daily river 
discharge failed to rise above 500ML during 1997 and, unexpectedly, the estuary remained 
stratified even with the mouth remaining open. Onshore sand transport is often responsible 
for estuary mouth closure in areas of high wave energy during periods of reduced river 
discharge (Kench 1999, see also Rouse 1998). Onshore sand transport was not measured 
during this study but the relative absence of mouth closure suggests that very little onshore 
sand movement (and/or deposition at the mouth) occurred within close proximity of the 
Hopkins mouth during 1997. Periods of mouth closure during 1998 & 1999 were more 
similar to that expected for periods of low river discharge.  
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Salinities were homogenous from site to site at all channel elevations during periods of low 
river discharge (e.g. bridge versus boat, east versus west bank). The importance of varying 
channel elevations to provide as areas of spatial refuge against peak flows remains unclear 
since this could not be examined in the absence of winter flooding. As expected, salinities 
at the 3.19 m channel elevation were consistently greater than the 2.19 m channel elevation 
when the mouth was open, including periods of increased river discharge. Salinities at the 
two channel elevations were similar during both low and high tide only when the mouth 
was open and river discharge exceeded 3200 ML/day. 
 
Very few opportunities arose to examine the influence that mouth opening had on salinities 
after extended periods of closure. The few observations made suggest that salinities, or the 
influx or marine water, do not always change after the mouth has been opened. For 
example, there was a significant change in salinities after the mouth was artificially 
breached on 17/04/98 but little change occurred after 14/01/1998. Understanding the 
impacts of mouth opening and closure is an important issue given the recent mass 
mortalities of fish that have occurred shortly after the mouth was artificially breached in at 
least three other estuaries (the Gellibrand, Fitzroy & Surrey Rivers) in south-west Victoria 
(P. Fairweather, J. Sherwood & B. Robson, pers. comm., pers. obs.).  
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Figure 3.1 - Dates of mouth opening and closing from 1/01/95 to 31/12/99 (Dates from 
1/01/95 to 14/06/95 were taken from Rouse 1998). Dates from 22/02/96 to 31/12/99 were 
recorded during this study. Shaded bars represent periods of mouth closure and solid 
horizontal lines are periods when the status of the mouth was not recorded.  
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Figure 3.2: A comparison of the salinity regime and river discharge measured during the 
study period. Data are presented for a flood year (1996) and two non-flood years (1997 & 
1998). Error bars = SE (n ranged from 6 to 84 for 1996, 9 to 56 for 1997 and 4 to 34 in 
1998). Also shown is the mean monthly discharge on the right-hand y-axis. Note different 
scales used for river discharge during non-flood and flood years (n ranged from 28 to 31). 
 
   
Mean salinity representing the
2.19 m channel elevation
Mean salinity representing the
3.19 m channel elevation
Mean monthly river discharge
     
 
 77
0
5
10
15
20
25
30
35
0 2 4 6 8 10 12
Month
Sa
lin
ity
 (p
pt
)
0
500
1000
1500
2000
2500
3000
3500
4000
M
ea
n 
riv
er
 d
is
ch
ar
ge
 (M
L)
1996
 
0
5
10
15
20
25
30
35
0 2 4 6 8 10 12
Month
Sa
lin
ity
 (p
pt
)
0
50
100
150
200
250
300
M
ea
n 
riv
er
 d
is
ch
ar
ge
 (M
L)
1997
 
0
5
10
15
20
25
30
35
0 2 4 6 8 10 12
Month
Sa
lin
ity
 (p
pt
)
0
50
100
150
200
250
300
M
ea
n 
riv
er
 d
is
ch
ar
ge
 (M
L)
1998
 
 
 78
Figure 3.3: Mean monthly discharge for the Hopkins River for the periods between the 
24/05/1955 to 31/12/1994 (longer-term average), the flood year of 1995 and the non-flood 
year of 1999. River discharge for the main study period (1996 to 1998) is shown in Figure 
3.2. Error bars = SE (n ranged from 28 to 31). 
 
   
Mean monthly river discharge for
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Figure 3.4: Salinity of the estuary prior to the sample dates described in Chapter 4. Arrows 
indicate times when the mouth of the estuary was artificially breached. The mouth closed 
over shortly after each attempt. Error bars = SE (n ranged between 6 & 14 for the 2.19 m 
channel elevation and 4 & 12 for the 3.19 m channel elevation). 
 
   
Mean salinity representing the
2.19 m channel elevation
Mean salinity representing the
3.19 m channel elevation
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Figure 3.5: Salinity of the estuary prior to the sample dates described in Chapter 6. Arrow 
indicates time when the mouth of the estuary was artificially breached. The mouth closed 
over three days after the breach. Error bars = SE (n ranged between 3 & 14 for the 2.19 m 
channel elevation, 3 & 7 for the 2.69 m channel elevation, 4 & 9 for the 3.19 m channel 
elevation and 3 & 6 for the 3.69 m channel elevation) 
 
   
Mean salinity representing the
2.19 m channel elevation
Mean salinity representing the
2.69 m channel elevation
Mean salinity representing the
3.19 m channel elevation
Mean salinity representing the
3.69 m channel elevation
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Figure 3.6: Salinity of the estuary prior to expected periods of recruitment. Symbols and 
lines are the same as described in previous figures. Error bars = SE (n ranged between 1 & 
14 for the 2.19 m channel elevation and 1 & 12 for the 3.19 m channel elevation). 
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Figure 3.7: A comparison of salinity regimes during flood and ebb tides at the 2.19 and 
3.19 m channel elevations. Error bars = SE (n ranged from 1 to 7 for the 2.19 m channel 
elevation and 4 & 6 for the 3.19 m channel elevation). Also shown in the bottom panel is 
the change in water height in the estuary at the Hopkins Bridge between successive salinity 
measurements (i.e., tidal amplitude).  
    
Low tide
High tide
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Figure 3.8: A comparison of the salinity regimes measured at the Hopkins bridge and from 
a boat near the mouth of the estuary. Measurements were taken on the same day at the 2.00 
and 2.50 m (top panel) and the 3.00 & 3.50 m (bottom panel) channel elevations. Error bars 
= SE (n ranged from 4 & 5 for the bridge and 1 & 6 for the boat).  
   
Measurements from bridge
Measurements from boat
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Figure 3.9. The association between lag times and measurements of salinity at the Hopkins 
bridge versus a boat near the mouth of the estuary. Line is line of best fit and 95% 
confidence limits (n = 120 for the 2.19 m channel elevation (top panel) and 67 at the 3.19 m 
channel elevation (bottom panel). The size of data points represent the time lag between 
measurements recorded from the bridge and the boat. Measurements were highly correlated 
at both channel elevations (r = 0.94 & 0.83 for the 2.19 & 3.19 m channel elevations, 
respectively). 
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Figure 3.10: A comparison of the salinity regime measured on the east (directly above Site 
2) and west (directly above Site 3) banks of the river. Measurements were taken from a 
 (n 
   
boat on the east and west bank of the estuary at the mouth. This data is the 2.00 and 2.25 m 
channel elevations. bottom panel is 3.00 and 3.25 m channel elevations. Error bars = SE
ranged from 1 to 3 on both banks of the estuary). 
East bank of estuary
West bank of estuary
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Fig. 3.11: A dumbbell plot showing the range of dissolved oxygen concentrations at the 
2.19, 2.69, 3.19 and 3.69 m channel elevations during the study period, (n ranged from 3 to 
30 at each channel elevation).   
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Table 3.1 Chi-square test comparing the number of days (as frequencies and percentages) 
each year from 1995 to 1999 when the mouth was open & closed. The number of days 
when the mouth status was unknown has also been included.  
 
Mouth Status (columns) 
Year  closed  open  unknown  Total 
  # of   # of  # of    
  days % days % days %   
 
1995  79  21.6 154  42.2 132 36.2  365 
1996  72  19.7 242  66.1 52 14.2  366 
1997  60  16.4 278  76.2 27 7.4  365 
1998  206  56.4 159  43.6 0 0  365 
1999  235  64.4 130  35.6 0 0  365 
Total  652  35.7 963  52.7 211 11.6  1826 
 
Test statistic   Value  df P 
Pearson Chi-square  580.08  8 <0.001 
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Table 3.2: Pearson Chi-square test comparing river discharge between the flood years of 
1995 & 1996 when mass mortalities of S. alba were observed, the non-flood years of 1997, 
1998 and 1999 when mass mortalities were not observed, and the longer term data between 
1955 and 1994. Test statistic of frequencies, Pearson Chi-square = 367.2, df = 5, P < 0.001. 
 
Frequencies 
River discharge (rows) by Year (columns) 
  
1955-1994 1995 1996 1997 1998 1999  Total  
River discharge  
< 500 ML  10573  291 264 365 358 332  12183 
River discharge 
>500 ML  3894  74 102 0 7 1  4078 
 
Total   14467  365 366 365 365 333  16261 
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Table 3.3: Comparison of salinities measured from the Hopkins Bridge versus those from a 
boat at the 2.19 and 3.19 m channel elevations.  
 
2.19 m channel elevation   
Mean salinities (n = 120) 
Bridge  Boat 
7.93  7.91 
  
Pearson correlation = 0.94 
Probability = 0.000 
 
Regression of log-transformed [log10(x)] salinities to meet the assumption of normality: 
Log10(Bridge salinity) = 0.163 + 0.820* Log10(Boat salinity), R2 = 0.807, P = 0.000. 
 
3.19 m channel elevation   
Mean salinities (n = 67) 
Bridge  Boat 
10.56  10.27 
  
Pearson correlation = 0.83 
Probability = 0.000 
 
Regression of log-transformed [log10(x)] salinities to meet the assumption of normality: 
Log10(Bridge salinity) = 0.316 + 0.691* Log10(Boat salinity), R2 = 0.553, P = 0.000. 
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Table 3.4: Comparison of dissolved oxygen concentrations (hypoxia and anoxia) measured 
at four channel elevations from the Hopkins Bridge during the study period.  
 
Hypoxia (rows) by Channel elevation (columns) 
2.19 m  2.69 m  3.19 m  3.69 m  Total 
no  26  27  19  15  87 
yes  0  0  9  13  22 
Total  26  27  28  28  109 
 
Test statistic of frequencies for hypoxia 
Pearson Chi-square  = 27.860, df = 3, P < 0.001  
Cochrans Linear trend = 24.923, df = 1, P < 0.001. 
 
 
Anoxia (rows) by Channel elevation (columns) 
2.19 m  2.69 m  3.19 m  3.69 m  Total 
no  26  27  27  25  105 
yes  0  0  1  3  4 
Total  26  27  28  28  109 
 
Test statistic of frequencies for anoxia  
Pearson Chi-square  5.951, df = 3, P = 0.114  
Cochrans Linear trend 4.968, df = 1, P < 0.026. 
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Chapter 4: The population dynamics of S. alba  
4.1 Introduction 
Examining the population dynamics of an organism involves describing changes in its 
abundance, growth, reproduction and recruitment. Generally, ecological research begins 
with the description of the distribution and abundance of the community. In southern 
Australia, the benthic communities of estuaries have not been well described (Hodgkin 
1994; Constable 1999; Hutchings 1999). Unfortunately, this lack of description has 
hampered Australia’s ability to make considerable contributions toward the further 
development of ecological models associated with estuarine soft sediment environments 
(Constable 1999). Most of the major estuarine studies in Australia have focused on coastal 
areas and large embayments (see Hodgkin 1994; Hutchings 1999), so very few studies have 
described the fauna of small, intermittent estuaries in south-west Victoria.  
 
The distribution and abundance of juvenile and adult S. alba were examined in relation to: 
1)  two spatial scales (e.g. three sites separated by less than 1 km and two channel 
elevations separated by 1 m); and 
2)  four sample times that coincided with different expected stages of the hydrological 
cycle. These sample times included a period when the mouth had been closed for an 
extended period, a period when the mouth had been open for an extended period, at a 
time prior to the onset of winter flooding and at a time shortly after winter flooding.  
Definitions of mouth status (i.e. opened versus closed) are described in detail in the 
following Methods section and the tentative classification of juvenile versus adults was 
described in Chapter 2.  
 
Mills (1996) showed that abundances differed between places within close proximity of the 
mouth of the Hopkins estuary, with abundances sampled from an area near Site 3 being 
greater than areas near Sites 1 & 2, but no differences were detected between the latter two 
sites. Therefore, it was expected that abundances would differ between Sites, but because 
the position of the Sites sampled by Mills (1996) differed slightly from those used during 
this study, there was no a prior hypothesis regarding the direction and magnitude of any 
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differences. However, other past observations made by Matthews (1995) and Mills (1996) 
were used to derive the following hypotheses: 
 
1)  the abundance of both juvenile and adults would be greater at the deeper of two channel 
elevations;  
2)  the abundance of adults sampled shortly after winter flooding (at both shallow and deep 
channel elevations) were expected to be significantly less than the abundances collected 
in samples taken prior to winter flooding;  
3)  In contrast to adult bivalves, no significant difference in the abundance of juveniles was 
expected prior- to and after winter flooding; and 
4)  In the absence of winter flooding, the abundance of both adults and juveniles was not 
expected to decrease significantly between samples dates prior- to and after the 
expected flood period.  
Points 2 to 4 were based on the study of Matthews (1995), where significant declines in 
adult abundances (i.e. mass mortalities) were observed during winter flooding, but not 
juveniles. 
 
There are several methods that can be used for estimating the growth rate of organisms 
(Grant et al. 1987), including the analysis of length frequency data. There are now several 
numerical techniques that can be used to facilitate the interpretation of length-frequency 
data (e.g. Cassie 1954; MacDonald & Pitcher 1979; Grant et al. 1987; de la Mare 1996; 
Manly 1996). Unfortunately, choosing an appropriate technique can be difficult since none 
of these methods are devoid of some problems associated with the subjectivity of choosing 
modes and/or restrictive assumptions of each method, that are often violated for biological 
data. 
 
This is the first known study that has examined the growth of S. alba (Ponder et al. 2000). 
Estimating growth was important for explaining potential site-to-site differences in size 
distributions and for providing some insight as to whether S. alba might be capable of 
reaching sexual maturity and reproducing during its first year of growth (i.e., before the 
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onset of winter flooding). There were no a priori hypotheses regarding site- to site- 
variations in growth at the beginning of this study, but variation at such a scale is possible. 
 
The zonation of bivalves and other soft-sediment fauna associated with varying channel 
elevations has been documented (Wells & Roberts 1980; Peterson & Black 1988b, 1993; 
Beukema 1993) but the factors and processes responsible for this apparent vertical zonation 
have rarely been examined and so remain poorly understood (Peterson & Black 1988b). 
Very few studies have used manipulative experiments to examine the importance of tidal 
elevation to benthic fauna (Bertness & Grosholtz 1985; Peterson & Black 1987, 1988b; 
Marcelli 1990). Apart from the study of Marcelli (1990), this appears to be one of few 
experimental studies that has examined recruitment rates of bivalve molluscs in response to 
changes in water depth (i.e. different channel elevations). Observations suggested that the 
abundance of juveniles increased with increasing water depth, so part of this Chapter was to 
determine whether patterns of recruitment might explain the distribution pattern of 
juveniles.  
 
Samples collected during 1997/8 showed that the abundances varied between channel 
elevations and also between different patches of unvegetated sediment. The design of the 
sediment particle-size experiment was based upon visual observations of the sediments 
occurring at each of the three Sites, not on the formal analyses of sediments described in 
Chapter 2 (the implications of which are discussed in the discussion of this chapter). Visual 
inspections suggested that the greatest differences in sediment characteristics occurred 
between Sites 1 & 3, with the sediment at Site 3 being grey in colour as well as appearing 
finer than the yellow coloured sediments at Site 1. The abundances at these two sites tended 
to differ during the sampling period with the abundances as Site 3 being greater than those 
at Site 1, so it appeared that greater abundances might be associated with fine sediments. 
Therefore, based on the observations described in the two paragraphs above, the two 
recruitment experiments were designed to test the two following hypotheses: 
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1)  The number of recruits (R) would be greater at the deeper of two channel elevations, 
i.e., R (3.19 m channel elevation) > R (2.19 m channel elevations) ; and 
2)  The number of recruits (R) would be greater for fine versus coarse sediment particles, 
i.e., R in fine sediment (0.13 < particles < 0.25 mm), > R in coarse sediment (0.5 < particles < 1mm)
 
There are three objectives to this chapter. The first objective is to describe the distribution 
and abundance of juveniles and adults residing near the mouth of the Hopkins estuary. The 
two remaining objectives are to: provide growth rate estimates using length-frequency data; 
and to describe patterns of settlement/recruitment using two simultaneous field experiments 
testing for the importance of channel elevations and sediment particle size (i.e. fine versus 
coarse sediment). The two latter objectives were potentially important for providing some 
understanding of what factors might have a significant influence on the distribution and 
abundance of S. alba in the Hopkins River estuary. 
 
The specific aims of this chapter are to: 
1)  describe the distribution and abundance of S. alba within close proximity to the mouth 
of the Hopkins River estuary; 
2)  provide growth rate estimates of these S. alba using length-frequency data; and 
3)  examine the importance of channel elevation and sediment particle size for recruitment 
of juveniles. 
4.2 Methods 
4.2.1 Distribution & abundance  
A combination of casual observations and sampling occurred in several small estuaries and 
sheltered marine embayments during this study by myself, other researchers and students. 
These observations and samples were used to determine whether other populations of S. 
alba existed within close proximity to those found in the Hopkins estuary. Casual 
observations included the search for recently dead, empty valves, qualitative finger 
ploughing of the sediments (i.e. presence/absence only), and quantitative sampling varied 
from the use of box corers with dimensions of 250 x 250 x 100 mm and cylindrical corers 
with an internal diameter of 140 mm. Samples were sieved with mesh ranging from 0.5 to 1 
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mm. For the purpose of this study, only qualitative estimates (i.e. presence/absence data) 
have been presented here since very few S. alba were ever found. 
 
The abundance of S. alba was monitored at three sites from two channel elevations within 
close proximity of the estuary mouth (see Fig. 2.2, Chapter 2). Twenty haphazard PVC core 
samples were collected from unvegetated habitat at the 2.19 and 3.19 m channel elevations 
at each site (see Chapter 2 for a description of sampling, sample processing and the location 
of channel elevations). All samples were taken along a narrow contour band on the channel 
slope at each site/channel elevation except for the 2.19 m channel elevation at Site 2 (see 
Chapter 2). Ten of the twenty replicates at this site/channel elevation were taken from the 
channel slope and the remaining ten were collected from small patches of unvegetated sand 
surrounded by seagrass. The unvegetated patches were circular shaped with radii ranging 
from 0.2 to 1 m.  
 
Samples were planned to coincide with different expected stages of the hydrological cycle. 
A conceptual model describing the annual hydrological cycle of the estuary and the times 
when samples were planned is shown in Figure 4.1. Samples were planned to coincide with 
a period when the mouth was “closed”, another when the mouth was “open”, a period prior 
to peak discharge and a period after peak discharge. The estuary was considered to be 
“open” when the sand bar at the estuary mouth was absent and there was free exchange of 
marine and estuarine water during ebb and flood tides. The estuary was considered “closed” 
when the sand bar was present, which prevented the flow of fresh or estuarine water to the 
ocean. Marine inputs were also limited during times of closure, but did occur when large 
waves spilled over the bar during periods of unstable weather.  
 
Sampling took two to three days to complete and samples were taken during 
January/February 1997, June/July 1997, November, 1997 and April, 1998. The timing of 
these samples in relation to the average annual discharge for 1955 to 1998 and the 
discharge patterns of 1997 and 1998 are shown in Figure 4.2. Sampling coincided with an 
El Niño event that began in March 1997 and ended in April 1998, which resulted in the 
absence of the anticipated peak discharge event that typically occurs between July and 
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September (see Chapter 3). The mouth also stayed open for most of the period that it was 
predicted to close (i.e. during January to May 1997, see Fig. 3.1). Therefore, the 
hydrological status of the estuary at the time of sampling compared with what was expected 
for that time of year was: 
1)  January/February 1997. River discharge for the period between 28/06/96 and 30/01/97 
(1415 ± 145 ML/day) was slightly greater than that expected for this time of year (1279 
± 23 ML/day, based on the long-term average between 1955 and 1998, see Fig. 3.2). 
Flows were expected to be approaching the annual minimum, so the probability of 
mouth closure is high. The mouth had been open without any period of closure between 
28/06/96 and the start of sampling on 30/01/97 (see Fig. 3.1) and was open at the time 
of sampling when it was expected to be closed. A major peak discharge event (flood) 
occurred during the previous winter and mass mortalities of S. alba were observed 
(Mills 1996, pers. obs.). It was assumed that most of the individuals that survived this 
flood would be smaller than 2 mm length, as was observed by Matthews (1995). 
Therefore, very few bivalves with a shell length greater than 10 mm were expected to 
be sampled during the January/February period;  
2)  June/July 1997. Samples at this time were planned to coincide with a period just prior 
to the anticipated peak discharge event. The mouth was expected to be closed for an 
extended period prior to sampling on this occassion. However, there were only two 
short periods of mouth closure between 30/01/97 and 30/06/97 (9 of the 150 day period, 
see Fig 3.1). River discharge tends to increase with the onset of winter rains, so the 
mouth was expected to be open at the time of sampling, which it was. Both adult and 
juveniles (0.5 mm < bivalves < 1 mm) were expected to be abundant; 
3)  November 1997. There was one period of mouth closure between 1/07/97 and 6/11/97, 
which is highly unusual for this time of year since river discharge during this period is 
usually at its peak. River discharge did not reach the anticipated peak and was well 
below that expected for this time of year. These samples were planned to coincide with 
a period towards the end of the anticipated peak discharge event and mass mortalities of 
S. alba were expected to be highly evident. Juveniles (< 1 mm) were expected to 
predominate in samples collected at this time and living adults were expected to be rare; 
and 
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4)  April 1998. As expected, reduced river discharge resulted in the mouth of the estuary 
remaining closed for 143 of the 173 day period between 6/11/97 and 28/04/98 (see Fig. 
3.1). The mouth was closed during the time of sampling and juveniles were scarce when 
they were expected to be plentiful. 
 
All entire bivalves (i.e. not crushed) were kept for subsequent measurements of length. The 
method used to measure the length of S. alba is decribed in detail in Chapter 2. 
4.2.2 Recruitment of juveniles 
Keough & Downes (1982) highlighted the importance of distinguishing between settlement 
and recruitment. Settlement includes larval stages only while juveniles that survive post-
settlement to the point where they can be counted by an observer have been defined as 
recruits (Keough & Downes 1982). The ecology and size of settlement of S. alba larvae 
remains unknown but the small juveniles (0.54 to 7.1 mm length) sampled during this study 
have been classified as recruits since they were large enough to be retained on a 0.5 mm 
mesh.   
 
Two separate experiments comparing the rates of recruitment of S. alba were conducted 
simultaneously at Site 3 for a 10 day period. Recruitment was expected to be significant 
during this period because April appears to be the last month of the year when larvae are 
present in the water column (H. Arundel, pers. comm.). The recruitment of juveniles during 
April may explain the presence of juveniles in the sediment prior to the onset of winter 
flooding. The first experiment compared the number of bivalves that recruited into dried, 
defaunated sediment placed at two channel elevations, and the second compared the 
numbers of bivalves that recruited into fine versus coarse sediment (dried and defaunated) 
at one channel elevation only. 
 
The number of bivalves recruiting at different channel elevations was examined using a 
transplantation experiment using dried, unsieved sediment collected from the 2.19 m and 
3.19 m channel elevations. Five replicate sediment trays containing the dried, defaunated 
sediment were returned to their channel elevation of origin and five were transplanted from 
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one channel elevation to the other. At the end of the experiment, five core samples were 
also taken from the ambient sediment at each of the two channel elevations.  
 
The importance of sediment-particle size to recruiting bivalves was tested at the 2.19 m 
elevation only. The number of recruits collected on fine sediment (0.125 < particles < 0.25 
mm), coarse sediment (0.5 < particles < 1mm) and two procedural controls consisting of 
dried, unsieved sediment or dried, sieved sediment that had not been sorted into separate 
size fractions. Five replicate sediment trays were used for each treatment, and five cores 
were taken from ambient sediments at the end of the experiment. 
 
Plastic food containers with dimensions 170 x 105 x 50 mm deep (surface area = 1.8 x 10-2 
m2) were used as sediment trays. Each sediment tray was filled with sediment (collected in 
bulk from the 2.19 and 3.19 m channel elevations) that had been defaunated by placing it in 
an oven at 60oC for at least three days until all sediment was dry. Dried sediment for the 
sediment particle size experiment was divided into size fractions with a mechanical shaker 
that sieved sediments for 15 minute intervals.  
 
Individual sediment trays containing the defaunated sediment were sealed with lids, carried 
to the bottom by divers using mask and snorkel and pushed into the sediment. The position 
of trays for both experiments were randomly arranged and separated by a distance of 
approximately 1 m. Once in place, the surrounding sediments were allowed to settle, the 
lids were gently removed and the trays were topped up with dried sediment to ensure that 
they sat flush with the sediment surface. A small white float (polystyrene ball of 50 mm 
diameter) was attached to one corner of each tray with a length of string so that the floats 
sat approximately 100 mm above the sediment surface. The white floats aided in relocation 
of the sediment trays. Floats were difficult to see from above the water surface but were 
clearly visible underwater with the aid of a mask and snorkel.  
 
At the end of the experimental period, divers using mask and snorkel sealed each tray with 
a lid before bringing them to the surface. A core sample was then taken from the middle of 
each tray to a depth of 50 mm with the same PVC corer described in Chapter 2. Five 
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replicate background cores were also taken from sediments adjacent to the sediment trays 
in order to compare the number of bivalves collected in the sediment trays with those in the 
ambient sediment (n = 5 from each channel elevation). Each core (background cores and 
sediment tray cores) was divided into an upper and lower core section (25 mm lengths) and 
sieved through 0.5 mm mesh. It was expected that the most recent recruits would be 
sampled in the upper 25 mm of sediment and that the size (and therefore age) would be 
greater in the lower 25 mm section. Separate analyses were used to compare the number of 
recruits between individual treatments of both experiments in each 25 mm section. 
 
Most of the handling and processing of core samples was the same as described in Chapter 
2 with some exceptions. Each sample was stained with Rose Bengal and a plankton splitter 
was used to sub-sample the upper 25 mm core sections to reduce the amount of sorting time 
required for replicates with large numbers of recruits. Length measurements of individuals 
counted in the upper 25 mm section were made on 30 randomly chosen individuals from 
each of 3 randomly chosen replicate samples (i.e. n = 90 per treatment). More than 3 
replicate samples were used if the total number of individuals did not sum to 90. Very few 
individuals were counted in the lower 25 mm section. Therefore, sub-sampling was not 
required for the lower 25 mm section and every individual counted was included in 
measurements of length. Length measurements were also recorded for the largest bivalves 
observed that were not included in the 30 randomly selected individuals. Ten individuals 
counted in the lower 25 mm core section were either dropped or crushed during preparation 
of length measurements, so the total number measured was 10 fewer than the total number 
counted. 
4.2.3 Data Analysis 
4.2.3.1  Distribution & abundance  
A regression analysis was used to test for the existence of a significant relationship between 
the length of the core and the abundance of juvenile (i.e. those counted in Section 1 of the 
core, the upper 50 mm of sediment) and adults (i.e. those counted in Section 2 of the core). 
The number of significant results for separate regression analyses using each Date x Site x 
Channel elevation combination were very low (12% for juveniles and 6% for adults, n = 17 
 
 109
instead of 24 since 7 of the 24 Date x Site x Channel elevation combinations had all cores 
complete (i.e. 400 mm)). Therefore, the regression analyses testing for the relationship 
between core depth and the abundance of both juvenile and adult S. alba were conducted 
using pooled data from each Date, Site and Channel elevation combination.  
 
There was some concern that the abundance of S. alba sampled with the two unvegetated 
habitats (unvegetated patches surrounded by seagrass versus channel slope) from the 2.19 
m channel elevation at Site 2 may have differed. Therefore, the abundance of both juvenile 
and adults sampled from the two unvegetated habitats were compared using a two-way 
ANOVA before they were pooled for subsequent analyses. Both Habitat and Date were 
treated as fixed factors (Date was considered fixed in relation to particular stages of the 
estuaries hydrological cycle). Pairwise comparisons of treatment means were conducted 
using the Peritz procedure (Day & Quinn 1989; Martin & Toothaker 1989). 
 
A three-way mixed-model ANOVA was used to compare the abundance of juveniles and 
adults between Dates, Sites and Channel elevations. Date (4 levels) and Channel elevation 
(two levels) were considered fixed factors and Site (three levels) was treated as a random 
factor.  
 
Zero counts were common for each of the comparison described above so the data were 
log-transformed as [log10(x + 1)] to meet the assumptions of normality and homogeneity of 
variance. 
4.2.3.2  Length-frequency data 
It is extremely difficult to identify individual cohorts of the bivalve S. alba from length-
frequency data, which can make the use of statistical methods to determine growth rates 
problematic. Therefore, visual inspection of the length-frequency histograms was the 
chosen method to describe the potential patterns of growth exhibited by S. alba during this 
study. This method is similar to that used by Butler & Brewster (1979) and Butler 1987 and 
I acknowledge that this method is very subjective and the decisions presented in this 
chapter may be wrong (see also Butler & Brewster 1979). However, growth estimates for S. 
alba have not been based wholly on these length-frequency distributions, but have also 
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been estimated using a combination of information provided by controlled growth 
experiments (see Chapter 5) and from general observations made on the species over a 
four-year period between 1995 and 1999. 
 
Controlled growth experiments have shown that the growth of S. alba does not differ 
between the three sites used during this study (see Chapter 5). Therefore, the length-
frequency data provided in this Chapter represents length measurements pooled across the 
three sites. The controlled growth experiments were conducted at the shallow channel 
elevation only (see Chapter 5), so the length-frequency data for each of the two channel 
elevations are presented separately. 
 
Minimum and maximum growth rates were estimated from the length-frequency data after 
decisions about the cohort groupings were finalised. Minimum growth rates for each cohort 
were estimated by subtracting the maximum length of each cohort when they were first 
sampled (max. L(t)) from the minimum length of the cohort during Date 4 (min. L(t+∆t)), 
divided by the number of days between the first and last date they were sampled (n). 
Therefore, the number of days growth for cohorts sampled between Dates 1 (31/01/97) and 
4 (30/04/98), equalled 454 days whereas the number of days growth for cohorts that first 
appeared during Date 2 (30/06/97) equalled 304 days by the end of Date 4. Maximum 
growth rates for each cohort were estimated by subtracting the minimum length of each 
cohort when they were first sampled (min. L(t)) from the maximum length of the cohort 
during Date 4 (max. L(t+∆t)), divided by the number of days between the first and last date 
they were sampled (n).  
4.2.3.3  Recruitment of juveniles  
The number of recruiting bivalves sampled during the transplantation experiment (in each 
25 mm core section) at the end of the 10 day period (23/03/99 to 2/04/99) were compared 
using a two-way ANOVA. Both Transplantation and Channel elevation were treated as 
fixed factors. The transplantation treatment consisted of three levels: transplanted trays 
(TP), which consisted of sediment transplanted from one channel elevation to the other; 
trays returned to their channel elevation of origin (O); and background core samples of 
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adjacent sediments (BC). Channel elevation consisted of two levels, the 2.19 m and 3.19 m 
channel elevations.  
 
A one-way ANOVA was used to compare the number of recruits that recruited into each of 
the five sediment-particle size treatments. The five treatments were: fine sediment; coarse 
sediment; sediment shaken and sieved without sorting into size fractions (procedural 
control 1); unshaken/unsieved sediment (procedural control 2) and background cores. The 
two procedural controls were designed to test for potential artefacts of the sieving process 
and thus, the number of juveniles collected in these trays were not expected to differ at the 
end of the experiment. Apart from the 0.25 to 0.5 mm size fraction, the two size fractions 
used in this experiment were the next dominant size fractions in the estuary (see Chapter 2, 
Parreira 2000) and differences between the these two size fractions and the background 
sediment were clearly noticeable upon visual inspection. All background cores and 
sediment used in experimental trays were taken from the 2.19 m channel elevation and the 
experiment was run simultaneously with the transplantation experiment over a 10 day 
period between 23/03/99 and 2/04/99.  
 
Data transformations for both experiments used to meet the assumptions of normality and 
homogeneity of variance differed between the upper and lower 25 mm core sections. Many 
zero values were present in the data for the lower 25 mm core section so all data were log-
transformed as [log10(x+1)]. Recruits were present in every core for the upper 25 mm core 
section so the data was log-transformed as [log10(x)].  
 
The length measurements of juvenile collected in the upper and lower 25 mm core sections 
were pooled across the treatments of both experiments and were compared using a two-
sample t-test. Fisher’s exact test (two tail) was also used to compare the frequencies of 
bivalve lengths occurring either side of the modal size class (0.9 mm, see below) sampled 
in the upper and lower core sections. Because of the extreme lack of balance in the data, 
data transformation was not sufficient to meet the assumptions of normality and 
homogeneity of variance for any parametric comparisons of mean length across treatments 
in either the transplantation or sediment particle-size experiment. Therefore, a non-
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parametric two-way ANOVA (Sheirer-Ray-Hare extension of the Kruskal-Wallis test, 
Sokal & Rolff 1995) was used to compare the lengths of juveniles sampled during the 
transplantation experiment and a one-way ANOVA (Kruskal-Wallis) was used for 
comparisons of juvenile lengths sampled during the sediment-particle size experiment 
(Sokal & Rolff 1995). Comparisons were made for the upper 25 mm core section only 
because two of the lower core section treatments had less than two individuals sampled 
across the five replicates. These data have been plotted as well as tabulated to show the 
effect of the low sample sizes on means, and the variation of the remaining treatments.  
4.3 Results 
4.3.1 Distribution & abundance 
A list of the estuaries, sheltered marine embayments and exposed beaches sampled during 
the study period is presented in Table 4.1. The Erskine River estuary (approx. 150 km east 
of the Hopkins) was the only estuary other than the Hopkins where S. alba occurred. 
Notably, populations were never found in any of the fully marine environments sampled 
(Table 4.1). 
 
In the Hopkins estuary, a total of 1735 bivalves (entire plus crushed individuals) including 
778 juveniles (mean per core = 1.6, S.E.= 0.2, range = 0 - 31) and 957 adults (mean = 2.0, 
S.E.= 0.1, range = 0 - 11) were sampled from 479 cores taken during the four sample dates. 
More than 85% of cores contained at least 1 bivalve and of all the bivalves sampled in these 
cores 66% occurred in Section 2. 
 
The depth of core samples ranged from 90 to 400 mm depending on the position of rocks, 
buried wood and/or the anoxic layer. A relationship between core depth and the abundance 
of S. alba may have confounded any spatial and temporal differences in abundance between 
dates, sites and channel elevations. There was no significant relationship between core 
depth and the abundance of juveniles (Fig. 4.3) or adults (Fig. 4.4). This permitted all 
replicate samples, regardless of length, to be used for comparing spatial and temporal 
patterns of abundance.  
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A two-way ANOVA failed to detect any significant Date x Habitat interaction for the 
abundance of juvenile (Fig. 4.5) or adults (Fig. 4.6, Table 4.2) sampled from the two 
unvegetated habitats at Site 2 (unvegetated patches surrounded by seagrass versus the 
channel slope). The abundance of juveniles did not differ significantly between dates (Fig. 
4.5) or habitat type either (Fig. 4.5), while the abundance of adults differed between dates 
(all dates differed except Dates 1 & 3, Fig. 4.6, Table 4.2) but not between the two 
unvegetated patches sampled (Fig 4.6, Table 4.2). Therefore, data from these two habitats 
were pooled in subsequent analyses comparing the abundance of adults between Dates, 
Sites and Channel elevations.  
 
The abundance of S. alba was very variable across water depth, space and time as indicated 
by the significant Date x Site x Channel elevation interactions for both juvenile (Fig. 4.7, 
Table 4.3) and adults (Fig. 4.8, Table 4.4). The difference between each of these 24 means 
was not tested using a formal multiple comparisons test since the ANOVA model consisted 
of both fixed and random factors, and hence the interaction can be considered a random 
outcome (Underwood 1997). Instead, the major trends occurring in the data were described 
upon visual inspection of Figures 4.7 & 4.8, respectively.  
 
There was a general trend of decreasing juvenile abundance during the sampling period to 
the point where very few juveniles were sampled during Date 4 (only 14 juveniles sampled 
across Sites and Channel elevations, Fig. 4.7). From Dates 1 to 3, the abundance of 
juveniles at the deeper channel elevation (3.19 m) tended to be greater than abundances at 
the shallower channel elevation (2.19 m) and more juveniles were sampled at Site 3 
compared to Site 2. The least number of juveniles sampled at Site 1 (Fig. 4.7).  
 
Patterns of adult abundance differed from that of the juveniles with abundances at Site 1 
following a much different trend to Sites 2 & 3 (Fig. 4.8). At Site 1, the abundance of 
adults was consistently greater and varied little at the deeper channel elevation (3.19 m) 
whereas very few adults were ever present at the shallower channel elevation (2.19 m). In 
contrast, the abundances at Sites 2 & 3 did not appear to differ greatly between Channel 
elevations except at Date 4. There was also a general trend of increasing abundances 
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between Dates 1 and 2 (except for Site 3 at the 2.19 m Channel elevation) and between 
Dates 3 and 4. Decreasing abundances were apparent between Dates 2 and 3, except for 
Site 1 where abundances at the 3.19 m channel elevation remained unchanged (Fig. 4.8).  
4.3.2 Length-frequency data  
The length of 722 juveniles and 819 adults were measured from samples taken during the 
four sample dates. Figure 4.9 shows the size range of all entire bivalves collected in the 
upper and lower cores sections, respectively (bivalves that were not crushed, adults + 
juveniles pooled across all Dates, Sites and Channel elevations, n = 1541). There is a clear 
separation of size classes between sections with more than 86% of the bivalves counted in 
section 1 and fewer than 1% of the bivalves sampled in section 2 being less than 5 mm 
(Fig. 4.9).  
 
The first panel of Figure 4.10 shows the length-frequency distributions at the 2.19 m 
channel elevation during Date 1. There appears to be three or four cohorts during Date 1 
with the first cohort appearing to range from 0.5 to 4 mm, the second from 4 to 15 mm and 
the third from 16 to 23 mm (cohort labels, III, IV & V, respectively, Fig. 4.10). The few 
bivalves greater than 26 mm possibly represent remnants of a fourth, older cohort, which is 
represented by the arrows and broken line (cohort label VI, Fig. 4.10). There appeared to be 
significant growth between Dates 1 & 2 (Fig. 4.10) and considerable convergence of the 
cohorts from Date 1. There appeared to be four cohorts during Date 2: a new juvenile 
cohort of 0.5 to 5 mm length (II); and possibly three cohorts of larger bivalves ranging from 
8 to 19 mm (III), 19 to 25 mm (IV) and 19 to 34 mm (V, Fig. 4.10) but there did appear to 
be some overlap of cohorts III, IV & V. Four possible cohorts were evident during Date 3. 
There was a significant decline in the abundance of bivalves between Dates 2 and 3 (see 
Figs. 4.7, 4.8 & 4.9), but not to the extent expected during a winter flood. Growth appeared 
to be negligible, with the four possible cohorts of Date 3 being identified as: a juvenile 
cohort ranging from 0 to 7 mm (III); three larger cohorts ranging from of 9 to 26 mm (III), 
22 to 26 mm (IV) and 26 to 35 mm (V, Fig. 4.10). By Date 4, there appeared to be four 
cohorts: a small number of juveniles ranging from 0.5 to 4 mm (I) and possibly three larger 
cohorts ranging from 17 to 22 mm (II), 22 to 28 mm (IV) and 27 to 38 mm (V). 
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The number of cohorts appeared to differ between the two channel elevations across all 
dates. During Date 1, there appeared to three cohorts at the 3.19 m channel elevation rather 
than the four that were apparent at the 2.19 m channel elevation (cohort V was not 
apparent, see Figs. 4.10 & 4.11). Furthermore, there was a greater number of older, larger 
bivalves (cohort VI) at the 3.19 m channel elevation compared to the 2.19 m channel 
elevation (Figs. 4.10 & 4.11). The three apparent cohorts during Date 1 ranged from 0.5 to 
5 mm (III), the second, less clearly definable cohort ranged from 5 to 23 mm (IV), cohort V 
appeared to be absent, and the largest cohort ranged from 32 to 42 mm (VI). There 
appeared to be significant growth and cohorts III & IV appeared to have converged 
between Dates 1 & 2 (Fig. 4.11). During Date 2, a new juvenile cohort ranging from 0.5 to 
7 mm (II), and two larger cohorts ranging from 11 to 32 mm (probably a mixture of cohorts 
III & IV) and 33 to 40 mm (V, Fig. 4.11) were apparent. As expected, the position of 
cohorts did not appear to change greatly between Dates 2 & 3, with the three cohorts 
ranging from 0.5 to 7 mm (II), 13 to 32 mm (III & IV) and 33 to 40 mm (VI) being similar 
to those during Date 2 (Fig. 4.11). There was significant growth between Dates 3 & 4, and 
there appeared to be four cohorts by Date 4 (Fig. 4.11). The first cohort appeared to range 
from 0.5 to 4 mm (I), the second from 15 to 30 mm (II), the third from 30 to 37 mm (III & 
IV) and the forth from 37 to 46 mm (VI).  
 
The estimates of growth based on the decided cohort groupings for the 2.19 m & 3.19 m 
channel elevations are shown in Figure 4.12. This figure shows the midpoint of each 
cohort, which are bounded by the minimum and maximum length of each cohort. The 
minimum and maximum growth rates estimated for each cohort are shown in Table 4.5. 
The growth rate of bivalves estimated for the 2.19 m channel elevation ranged from 0.02 to 
0.07 mm/day and from -0.01 to 0.1 mm/day at the 3.19 m channel elevation (Table 4.5).   
4.3.3 Recruitment of juveniles 
The number of recruits was clearly greater in the upper 25 mm of sediment (pooled across 
all treatments for both experiments, total = 5903, mean per core = 137.3, SE = 17.4) than 
the lower 25 mm section (pooled across all treatments for both experiments, total = 334, 
mean per core = 7.8, SE = 4.1). The abundance of recruits for each treatment in both the 
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Transplantation and Sediment-particle size experiment are shown in Figures 4.13 & 4.14, 
respectively.  
 
The number of recruits differed significantly between transplanted treatments for both the 
upper and lower 25 mm core sections (Tables 4.6 & 4.7, respectively). Differences between 
channel elevations were also apparent for the upper core section with the number declining 
with depth (Fig. 4.13, Table 4.6), but not the lower core section (Fig. 4.13, Table 4.7). 
There was no significant interaction between transplanted sediment and channel elevation 
for either core section. Unfortunately, two trays from one of the treatments were not 
recovered at the end of the experiment thereby making the data unbalanced. Therefore, a 
formal multiple comparisons test was not conducted on the treatment means and differences 
between treatments were assessed upon visual inspection of the means and standard errors 
(Tables 4.6 & 4.7). The larger number of recruits sampled in the background cores (BC) 
appeared to be responsible for the significant difference between transplanted treatments, 
with background cores containing a greater number of juveniles than both transplanted 
trays (TP) and those returned to their elevation of origin (O) (Table 4.7). The transplanted 
trays (TP) and trays returned to their elevation of origin (O) did not appear to differ 
significantly. 
 
The number of log-transformed recruits was significantly influenced by sediment-particle 
size in the lower 25 mm core section (Fig. 4.14, Table 4.8) but not the upper section (Fig. 
4.14). The difference between treatments in the lower core section appeared to be 
attributable to the background core, which had a far greater number of recruits than all of 
the sediment trays treatments (Fig. 4.14, Table 4.8). The number of recruits in the sediment 
tray treatments did not appear to differ from one another (Fig. 4.14, Table 4.8).  
 
Given the variability in the data obtained for the upper core section of the sediment-particle 
size experiment, at least 21 trays per treatment would have been required to detect a 
significant difference in the upper 25 mm core section (i.e. detect an approximate increase 
of 14% between means) with a power of 0.8. There was sufficient power to detect a 33 % 
increase between means for the upper core section using five replicates per treatment. 
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Therefore, the power of this test was more than sufficient to detect a difference between 
treatments of the same magnitude (effect size of > 700%) that was detected for the lower 25 
mm core section.   
 
The size distributions of 810 randomly chosen bivalves for the upper 25 mm core section 
and a total of 324 bivalves sampled from the lower 25 mm core sections are shown on 
Figure 4.15 (pooled across all treatments for both the transplant and sediment-particle size 
experiment). The number of bivalves greater and smaller than 0.9 mm length were 
compared between the upper and lower core sections using Fisher’s exact test. This length 
was chosen since it was the modal length of both the upper and lower 25 mm core sections 
(Fig. 4.15). The numbers of bivalves greater and smaller than 0.9 mm differed significantly 
between the two core sections for all samples including the sediment trays and background 
cores, despite the size frequencies of both core sections appearing to be very similar (Table 
4.9, Fig. 4.15). There was a greater proportion of bivalves greater than 0.9 mm in the upper 
25 mm core section. However, when the background cores were omitted from the analysis 
(i.e. a comparison done of the sediment trays only) there was no significant difference 
between the length proportions of recruits between the two core sections and the number 
and proportion of bivalves smaller than 0.9 mm also increased for both core sections (Table 
4.10).  
 
The mean lengths of the juveniles in the two core sections were compared using a two-
sample t-test. The only apparent difference was due to the small number of bivalves (n = 
14) present in the lower core section that were greater than 3 mm length (Fig. 4.15). There 
was no difference between the length of recruits when these larger juveniles were omitted 
from the analysis (i.e. test done on the single mode around 0.9 mm, pooled variance t = 
1.17, df = 1118, P = 0.243). It should be noted that just under half (43%) of the bivalves 
greater than 3.9 mm were sampled in the sediment trays. A non-significant result was also 
obtained for just the comparison of sediment trays only (pooled variance t = -1.039, df = 
662, P = 0.299) when all bivalves larger than 3 mm were omitted from the analysis. 
The mean lengths of bivalves collected in both core sections for both the Transplantation 
and Sediment-particle-size experiments are presented in Table 4.11 and Figures 4.16 & 
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4.17. A non-parametric two-way ANOVA showed that there were significant influences 
due to Transplantation and Channel elevation as main effects on the length of juvenile 
recruits, but the Transplantation x Channel elevation interaction was non-significant (Table 
4.12). The length ranks of the non-parametric test for bivalves collected in each of the 
transplantation treatments have not been compared using a formal multiple comparison but 
according to the order of these ranks shown in Table 4.12, it would appear that the recruits 
sampled in the transplanted trays were larger than those sampled in the non-transplanted 
trays and the background cores. The significant difference between channel elevations was 
attributable to the recruits sampled at the 2.19 m channel elevation being larger than those 
at the 3.19 m channel elevation. There was no significant difference between the size of 
bivalves that recruited into trays of varying particle size (Kruskal-Wallis Test Statistic = 
6.915, df = 4, P = 0.141). 
 
Very little could be concluded about the length of bivalves sampled in lower core sections 
since very few bivalves were sampled from this depth of sediment (Table 4.12), but there 
was some evidence that the mean length of bivalves sampled in the background cores was 
greater in the lower compared to the upper core section (Table 4.12). Of the very few 
bivalves sampled in the lower core section of sediment trays, they tended to be larger than 
those in the upper core section, particularly the sieved and unsieved sand treatments.  
4.4 Discussion 
4.4.1 Abundance and distribution 
The abundance patterns of S. alba sampled during this study differed from that expected: 
1)  Both the abundance of juveniles and adults were expected to be greater at the 3.19 m 
channel elevation than the 2.19 m channel elevation. This was true for most Date x Site 
combinations, but on some occasions the abundances were either the same or differed in 
the opposite direction to that expected (i.e. abundances at the 3.19 m channel elevation 
were less than the abundance at the 2.19 m channel elevation), hence the significant 
Date x Site x Channel elevation interactions for both juvenile and adult bivalves. 
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2)  As expected, the absence of winter flooding during 1997 resulted in a corresponding 
absence of a major mass mortality event. However, the decreases in abundance of both 
juvenile and adult bivalves during the non-flood period were greater than expected; and   
3)  There were apparent differences in the abundance of S. alba between unvegetated Sites, 
particularly Site 1, where abundances at the 2.19 m channel elevations were less than 
the other two Sites.  
 
Abundances were expected to be greater at the deeper channel elevation because they are 
less accessible to bait collectors and salinity is generally greater at increased water depths, 
particularly during periods of increased flows (see Chapter 3). Dissolved oxygen 
concentrations were hypoxic to anoxic at the 3.19 m channel elevation for brief periods 
during this study (see Chapter 3). Post-settlement migration has not been observed for S. 
alba, but has been observed for other adult bivalves (e.g. Sorlin 1988; Hooker 1995). Post-
settlement migration, in response to unfavourable salinities and/or dissolved oxygen 
concentrations, remains a possible explanation for the inconsistent patterns of abundance 
for both juveniles and adults at the two channel elevations.  
 
Biological agents, such as predation, were not examined during this study but may play an 
important role in structuring the vertical distribution of bivalve molluscs. Peterson & Black 
(1988b) suggested that biological agents of mortality, rather than physiological stress were 
probably responsible for setting the observed patterns of bivalve zonation in Shark Bay, 
Western Australia. Likewise, Beukema (1993) suggested that the zonation of adult and 
juvenile Macoma balthica in the Wadden Sea is the result of varying predation pressures at 
different channel elevations. These were intertidal studies, not subtidal such as in this 
current study, so they did not examine the potential importance of physiological stress 
resulting from stratification of the water column. It would appear from this study that a 
complex interaction possibly involving bait collectors, salinity and dissolved oxygen 
possibly play an important role in governing the abundance of S. alba at different subtidal 
channel elevations in the Hopkins River estuary. 
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At present, there is no explanation for the unexpected decrease in the abundance of S. alba 
between Dates 2 & 3. This trend was apparent at both channel elevations and the absence of 
suddenly appearing dead bivalves, such as those found during flood events, suggests that 
other agents of mortality, or possibly migration, may explain these disappearances. 
Nonetheless, this disappearance suggests that conditions in the estuary were unfavourable 
for S. alba during this period regardless of the presence of flooding. Low temperatures and 
perhaps food supply may also have limited the survival during this period. The interaction 
of these factors, together with the onset of low salinities, are probably the cause for even 
greater mortalities during winter flooding. This hypothesis remains to be tested. 
Recruitment was also poor during Date 4, so the slight increase in adult abundance and 
decrease of juveniles between Dates 3 & 4 probably represents the growth of juveniles into 
the adult size class.    
 
This study showed that there was some site- to site- variation in abundances sampled from 
unvegetated sediments separately by a short distance (< 200 m). Explanations for these 
differences remain largely untested. Sediment-particle sizes at the three Sites did appear to 
differ (see Chapter 2), but there was little evidence to suggest that juvenile S. alba selected 
sediment of different particle size. However, this conclusion was limited by lack of 
statistical power and recruitment was not examined at each of the three sites.  
4.4.2 Length-frequency data 
There was a clear separation of size classes between the upper (50 mm) and lower core 
sections (50 mm to maximum depth of core). This concurs with the previous study 
(Matthews 1995): that juveniles are only found in the top 50 mm of sediment while adults 
were found below 50 mm. 
 
The larger cohorts present at both channel elevations during Date 1 are likely to consist 
largely of those bivalves that had survived and grown since the previous flood of 1996. 
Very few adults survived the winter flood of 1996 (see Mills 1996) so the majority of 
survivors were most probably juveniles within the 0.5 to 2 mm size class, ssimilar to that 
observed by Matthews (1995). Therefore, it is highly likely that cohort V and the tail of 
cohorts IV possibly represent the range of growth exhibited by juvenile survivors (0.5 to 2 
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mm) of the 1996 flood. The smaller cohorts (III) and some of the smaller bivalves of cohort 
(IV) are possibly the first of the new recruits that had settled during December 1997, early 
January 1998 (bivalve larvae have been observed in the water column in December, 
H.Arundel, pers. comm.). Most of the few surviving adults are likely to be those greater 
than 26 mm length (cohort VI). There were few of these at the 2.19 m channel elevation 
compared with the 3.19 m channel elevation, which was expected since the survival of 
adults was expected to be greater at the deeper channel elevations during periods of 
flooding.  
 
It would appear that the month of April represents the last period of recruitment prior to the 
onset of winter flooding. If the bivalves with a length of 30 mm length during Date 2 are 
assumed to represent the growth of juvenile bivalves that had survived the previous flood 
event, and that they had recruited in April 1996, then this suggests that S. alba can grow to 
approximately three quarters of their maximum size in just over one year of growth (e.g 
beginning of April to end of June = 426 day). The growth rates estimated from the length-
frequency data also suggest that S. alba may reach their maximum length of approximately 
45 mm by age two or three, although growth does appear to slow considerably for bivalves 
larger than 30 mm. This slow growth was evident by the very small change in length of the 
largest bivalves between Dates 2 & 4 at both channel elevations.  
 
There appeared to be considerable convergence of cohorts between Dates 1 & 2 at both 
channel elevations. The gap between cohorts IV and V at the 2.19 m channel elevation 
during Date 1 was barely distinguishable by Date 2 to the point where it could be argued 
that these two cohorts were possible one instead of two cohorts. Similarly, the large gap 
between cohorts IV & VI at the 3.19 m channel elevations had closed completely by Date 
2. This suggests that the growth rates of S. alba are likely to be highly variable among 
individual bivalves. This has indeed been shown by a series of controlled experiments (see 
Chapter 5). Therefore, it is highly likely that any modes of a length-frequency distribution 
would consist of several age-classes, if they were distinct at all. Therefore, these sorts of 
analyses are potentially problematic for determinations of growth rates and age of S. alba, 
so the growth estimates provided in this chapter are strictly tentative. More direct methods 
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such as controlled experiments, which are presented in Chapter 5, are necessary to provide 
more reliable growth estimates for this species.   
4.4.3  Recruitment of juveniles. 
The patterns of recruitment for the Transplantation experiment were unexpected and did not 
match the patterns of adult abundance. The number of recruits was greater at the shallower 
channel elevation, which was opposite to that expected since the abundance of juveniles 
and adults was greater at the deeper of the two channel elevations more often than not. The 
results of the transplantation experiment were interesting, and if this pattern occurs 
consistently then this might suggest that the duration of recruitment and/or post-settlement 
mortalities differ between channel elevations. However, these experiments need to be 
replicated across time and space to test whether recruitment patterns are consistent between 
channel elevations. 
 
The visual observations of sediment characteristics used as the basis for the design of this 
experiment were partially verified by the formal analysis of sediment-particle size (see 
Chapter 2). Sediment particle-size analyses revealed that the median particle size at each of 
the three Sites were highly variable across Dates and Channel elevations, but the median 
particle size was consistently greater at Site 1 than Site 3 across the sampling period (see 
Chapter 2, Fig. 2.5). However, there was a greater percentage of sediments within the 0.125 
to 0.25 mm size class at Site 1 than Site 3, which was the same size class used as the fine 
sediment treatment in this experiment. Nonetheless, there was little evidence to suggest that 
varying sediment particle size influenced the recruitment of young juveniles. However, 
further tests of this hypothesis are required due to the lack of statistical power for this test.  
The movement of ambient sediment into the sediment trays may have contributed to a lack 
of difference during this experiment. Unfortunately, the amount of foreign sediment that 
spilled into the sediment trays was not quantified, but remains a potential source of 
contamination. This may have been minimised by using much larger settlement trays, 
thereby reducing potential edge effects. However, the trade-off for using larger trays is that 
more time and effort is required to sieve and separate particle-size fractions and recruits.  
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The sediment trays of both experiments contained considerably fewer recruits in both the 
upper and lower core sections than those sampled in the background cores. The two 
experiments began after the commencement of recruitment, so the sediment trays were 
exposed to recruiting bivalves for a shorter duration than the adjacent sediments, hence the 
difference between background cores and sediment trays.  
 
There was little difference between the size of juveniles found in the two core sections, but 
some larger bivalves were sampled in the lower 25 mm core section. This was not 
unexpected for the background cores since larger, possibly older bivalves were expected to 
occur at greater sediment depths. The presence of bivalves larger than 3 mm in some of the 
sediment trays suggest that S. alba may be capable of post-settlement migration. Bivalves 
large enough to be seen with the naked eye were never observed drifting in the water 
column, and so it would appear that small, migrating bivalves are likely to be carried by 
shifting sediment that may have spilled into the sediment trays. Apart from these few larger 
bivalves, the small size of the great majority of individuals suggests that there was probably 
very little difference between settling times of bivalves that had recruited during the two 
experiments.  
 
The two-way non-parametric test showed that bivalves recruiting at the shallow channel 
elevation were larger than those at the deeper channel elevation. This result, together with 
the greater abundance of recruits at the shallow channel elevation further suggests that the 
duration of recruitment and/or post-settlement mortalities differ between channel 
elevations. The significant transplant treatment was unexpected, and suggests that recruits 
at the shallow channel elevation prefer the sediment characteristics found at the deeper 
channel elevation, and vice versa. However, there is some concern about the reliability of 
this significant result since a parametric two-way ANOVA showed that the transplantation 
treatments were not significantly different (F = 2.151, P = 0.117). Therefore, the 
conclusions that can be made from this experiment are limited and more replicate times and 
places are required to test the reliability of this result. 
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Figure 4.1: A conceptual model of the hydrological cycle of the Hopkins River estuary 
showing the expected periods of river dominance, tidal dominance and periods of mouth 
closure. Asterisks represent the period when samples were initially planned to be taken in 
relation to expected changes in the hydrological regime (courtesy of A. Constable). 
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Figure 4.2: Mean monthly discharge for the Hopkins River between 24/05/1955 to 
31/12/1996 (long-term average), and the two non-flood years of 1997 and 1998. Arrows 
show the timing of samples taken during this study in relation to the hydrological regime. 
Error bars = SE (n ranged from 28 to 31). 
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Figure 4.3: Plot of core depth versus the log-transformed abundance of juveniles 
[log10(x+1)]. Also shown is a LOWESS curve showing a lack of trend (r < 0.010, P = 
0.886, n = 479). 
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Figure 4.4: Plot of core depth versus the log-transformed abundance of adults [log10(x+1)]. 
Also shown is a LOWESS curve showing a lack of trend (r < 0.010, P = 0.569, n = 479). 
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Figure 4.5: Comparison of the log-transformed abundance [log10(x+1)] of juveniles 
les 
 = 
 = 
     
sampled from unvegetated patches surrounded by seagrass versus the channel. Samp
were taken from the 2.19 m channel elevation at Site 2 during the four sampling dates 
between January/February 1997 and April 1998. The factors Date (df = 3, F = 0.230, P
0.453), Habitat (df = 1, F = 0.265, P = 0.316) and the Date x Habitat interaction (df = 3, F
0.810, P = 0.492) were all non-significant. Error bars = SE (n = 10). 
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Figure 4.6: Comparison of the log-transformed abundance [log10(x+1)] of adults sampled 
from unvegetated patches surrounded by seagrass versus the channel. Samples were taken 
     
from the 2.19 m channel elevation at Site 2 during the four sampling dates between 
January/February 1997 and April 1998. Error bars = SE (n = 10). 
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Figure 4.7: Comparison of the log-transformed abundance [log10(x+1)] of juveniles 
sampled at three sites and two elevations during four sampling times between 
January/February 1997 to April 1998. Error bars = SE, (n = 20, with the exception of Date 
4, Site 1, Channel elevation 2, where n = 19). 
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Figure 4.8: Comparison of the log-transformed abundance [log10(x+1)] of adults sampled at 
three sites and two elevations during four sampling times between January/February 1997 
to April 1998. Error bars = SE, (n = 20, with the exception of Date 3, Site 1, Channel 
elevation 2, where n = 19). 
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Figure 4.9: The length-frequency distributions in core section 1 (upper 50 mm of sediment) 
nd 2 (0.5 to max. length of core). The dotted bars represent the length of bivalves sampled 
in core section 1 and the open bars represent bivalves sampled in core section 2. Data were 
pooled across the four sample dates (n = 1541). 
a
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Figure 4.10: The length-frequency distribution of bivalves at the 2.19 m channel elevation 
during the four sample dates. Cohorts of animals that are likely to consist of at least one 
group of animals of similar age are demarcated by arrows connected by a solid line. The 
arrows and dashed line represent a possible remnant cohort that may represent survivors of 
the 1996 flood event.   
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Figure 4.11: Length-frequency distributions of bivalves at the 3.19 m channel elevation 
during the four sample dates. Cohorts of animals that are likely to consist of animals of 
similar age are demarcated by arrows connected by a solid line. 
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Figure 4.12: Estimated growth rates from the length-frequency distributions at the 2.19 and 
3.19 m channel elevations. Plotted are the cohort midpoints bounded by the minimum and 
maximum length of each cohort.  
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Figure 4.13: The number of recruiting bivalves collected in transplanted sediment trays and 
from background cores at the 2.19 m and 3.19 m channel elevations. Core samples of 50 
mm depth were divided into two 25 mm sections. Data for the upper 25 mm core section 
were log-transformed as [log10(x)] and data for the lower 25 mm core section were log-
transformed as [log10(x+1)]. Error bars = SE (n = 5 except for the shallow to shallow 
treatment where n = 3). 
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Figure 4.14: The number of recruiting bivalves collected in sediment trays containing 
varying particle sizes and from background cores at the 2.19 m channel elevation. Core 
samples of 50 mm depth were divided into two 25 mm sections. Data for the upper 25 mm 
core section were log-transformed as [log10(x)] and data for the lower 25 mm core section 
were log-transformed as [log10(x+1)]. Sediment particle size treatments for the lower 25 
mm core section were significant, but not for the upper core section (df = 4, F = 0.713, P = 
0.594). Error bars = SE (n = 5 except for the unsieved sand treatment where n =3). 
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4.15: The length-frequency distribution of recruiting bivalves collected in sediment trays 
and background cores during the transplantation and sediment particle size experiments. 
Lengths were pooled across treatments and are shown for the upper and lower 25 mm core 
sections.  
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Figure 4.16: Mean length of recruits collected in transplanted sediment trays and 
background cores at the 2.19 m and 3.19 m channel elevations. Error bars = SE, (n = 90 for 
all treatments in Section 1 of the core, n ranged from 1 to 90 in Section 2). 
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Figure 4.17: Mean length of recruits collected in sediment trays of varying particle size as 
well as those sampled in background cores at the 2.19 m channel elevation. Error bars = 
SE, (n = 90 for all treatments in Section 1 of the core, n ranged from 2 to 90 in Section 2). 
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Table 4.1 Dates of casu tions and samp marine emba ring the study period.  
Date Location distance & 
ion from 
Hopkins estuary (km) 
Habi
 alba  
al observa le collections from
Approx. 
direct
 other estuaries and yments du
tat Presence 
of  
S.
Estuaries     
22/2/95  
"S ) 
, 38°15'01"S) 
E 
s r Estuary
 38°36'28"S) 
e r Estuary
 38°33'02"S) 
E 
e r Estuary
 38°23'11"S) 
 
 Estuary 
) 
E 
0 W 
98 
(casual observations) "S ) 
    
Yambuk Estuary
(142°02'35"E, 38°20'18
50 W Sand & Seagrass No 
1/3/96 Yambuk Estuary 50 W 
80 W 
Sand & Seagrass 
Sand & Seagrass 
No 
No February 1995 Surrey River 
(141°42'11"E, 38
Fitzroy River 
°15'25"S) 
February 1995 
(141°54'04"E
Aire River Es
65 W Sand & Seagrass No 
5/3/96 tuary 
, 38°48'37"S) (143°27'44"E
urdie Rive
100 Sand & Seagrass No 
6/3/96 C  50 E 
(142°53'08"E,
Erskin Rive
Sand & Seagrass No 
7/3/96  150 
(143°58'43"E,
Moyn Rive
Sand & Seagrass Yes 
14/3/96  25 W
(142°14'20"E,
t. George River
Sand No 
15/3/96 S
(143°57'58"E, 38°34'03"S
140 E Sand No 
30/3/96 Barwon River Estuary 220 
(144°29'49"E, 38°16'40"S ) 
Sand & Seagrass No 
1/4/96 Glenelg River Estuary
"S ) 
 17
(140°51'37"E, 38°03'25
Sand No 
27/4/98  
98) (see Kenny 19
Merri River 
(142°28'13"E, 38°23'54"S ) 
3 W Sand  No 
August/September 19
(marine biology class) 
1998 to 1999 
Merri River 3 W Sand  No 
Gellibrand River Estuary 
(143°9'25"E, 38°42'25
70 E Sand No 
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(Table 4.1 cont’d) Location Approx. distance 
from Hopkins estuary 
(km) 
Habitat Presence 
of  
S. alba  
Sheltered marine 
embayments and 
beaches 
    
November 1997 
(casual observations)  
Kingston Beach, S.A.  
(approx. 137°E, 37°S) 
>220 W Sheltered embayment, Sand No 
December 1994 
(casual observations) 
Killarney Beach 
(142°20'02"E, 38°21'18"S ) 
10 W Sand & Seagrass, sheltered 
beach (shallow subtidal) 
No 
August/September 1998 
(casual observations) 
Killarney Beach 10 W Sand/sheltered beach 
(intertidal & shallow subtidal) 
No 
August/September 1998 
(marine biology class) 
The “Basin”  
(142°21'50"E, 38°21'02"S ) 
8 W Sand/sheltered beach 
(intertidal & shallow subtidal) 
No 
January 1998 
(marine summer school ) 
The “Basin”  
 
8 W Sand/sheltered beach 
(intertidal & shallow subtidal) 
No 
January 1999 
(marine summer school ) 
The “Basin”  8 W Sand/sheltered beach 
(intertidal & shallow subtidal) 
No 
December 1999  
(marine summer school ) 
The “Basin”  8 W Sand/sheltered beach 
(intertidal & shallow subtidal) 
No 
August/September 1998 
(marine Biology Class) 
Levys Beach 
 
5 W Exposed sandy beach 
(intertidal) 
No 
1996 to 1999 
(casual observations) 
Lady Bay, Warrnambool 
(142°28'41"E, 38°23'44"S ) 
2 W Sand /sheltered beach (bait-
collecting) 
No 
1996 to 1999 
(casual observations) 
Stingray Bay, Warrnambool 
(142°28'13"E, 38°24'05"S ) 
3 W Sand/sheltered beach & mouth 
of Merri River Estuary 
No 
1996 to 2000 
(casual observations) 
East Beach, Port Fairy 
(142°16'09"E, 38°21'46"S ) 
25 W Sand/semi-sheltered open 
beach and surf beach  
No 
1998 to 1999 
(casual observations) 
Corio Bay, Clifton Springs  
(144°34'06"E, 38°08'44"S ) 
270 E Sand/sheltered large 
embayment 
No 
R. Henry (pers. comm.) Bridgewater Bay (Portland) 
to Peterborough (≈ 15 
beaches) 
50 to 100 E & W Fully sheltered and exposed 
beaches. Fully marine 
No 
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Table 4.2: Two-way ANOVA and Peritz procedure comparing the log-transformed 
abundance [log10(x+1)] of adults sampled from two unvegetated habitats (unvegetated 
patches surrounded by seagrass versus the channel slope). Samples were taken from the 
2.19 m channel elevation at Site 2 during four sampling dates between January/February 
1997 and April 1998.  
 
Source of variation   df Mean-Square  F-ratio P 
 
Date    3 2.514   11.297  0.000 
Habitat   1 0.406   1.822  0.181 
Date x Habitat   3 0.285   1.281  0.287  
Error    72 0.223 
 
Peritz procedure: Log-transformed means for the factor Date are presented in order of 
decreasing abundance and lines join means that are not significantly different (P = 0.05).  
 
Treatments  Date 4      >  Date 2     > Date 3  Date 1    
Mean   1.470  1.15   0.836   0.667  
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Table 4.3: Three-way mixed-model ANOVA comparing the log-transformed abundance 
[log10(x+1)] of juveniles during four Dates, at three Sites and two Channel elevations. The 
mean-square of the fixed factor Date is tested over the mean-square of the Date x Site 
interaction, The mean-square of the fixed factor Channel elevation is tested over the mean-
square of the Site x Channel elevation interaction and the mean-square of the Date x 
Channel elevation interaction term is tested over the mean-square of the Date x Site x 
Channel elevation interaction. The remaining mean-squares are tested over the Error mean-
square.  
 
Source of variation   df Mean-Square  F-ratio  P  
 
Date     3 18.338   5.569  <0.05 
Site     2 9.914   31.510  0.000 
Channel elevation   1 16.306   107.986 <0.010 
Date x Site    6 3.293   10.465  0.000 
Date x Channel elevation  3 2.096   2.040  >0.10 
Site x Channel elevation  2 0.151   0.479  0.620 
Date x Site x Channel elevation 6 1.027   3.263  0.004 
Error     455 0.315 
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Table 4.4: Three-way mixed-model ANOVA comparing the log-transformed abundance 
[log10(x+1)] of adults during four Dates, at three Sites and two Channel elevations. F-ratios 
were constructed as per Table 4.2.  
 
Source of variation   df Mean-Square  F-ratio P  
 
Date     3 3.631   2.642  >0.10 
Site     2 13.546   54.099  0.000 
Channel elevation   1 7.934   2.758  >0.10 
Date x Site    6 1.272   5.079  0.000 
Date x Channel elevation  3 0.271   0.214  >0.25 
Site x Channel elevation  2 4.910   19.608  0.000 
Date x Site x Channel elevation 6 1.226   4.895  0.000  
Error     455 0.250 
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Table 4.5: Estimates of the minimum & maximum growth rates based on the length-frequency data for bivalves sampled during Dates 
1 & 4. Minimum & maximum growth rate estimates were estimated as: 
 
i) Min. growth rate estimate = (min. L(t+∆t) - max. L(t))/n 
ii) Max. growth rate estimate = (max. L(t+∆t) - min. L(t))/n 
 
For example, the minimum growth rate for cohort II at the 2.19 m channel elevations was calculated by (min. L(t+∆t) - max. L(t))/n     =>     
17 mm - 6 mm / 304 = 0.04 mm/day 
 
Cohort 
label 
Channel  
elevation 
Min. 
length of 
cohort  
(min. L(t))  
Max. 
length of 
cohort 
(max. L(t)) 
Min. length of 
cohort during 
Date 4 
(min. L(t+∆t))  
Max. length 
of cohort 
during Date 4 
(max. L(t+∆t))  
No. of 
days 
growth 
(n) 
Min. growth rate  
(min. L(t+∆t) - max. Lt / n) 
Max. growth rate  
(max. L(t+∆t) - min. Lt / n) 
I 2.19 m - - 0.5 mm 5 mm - - - 
II 2.19 m 0.5 mm 6 mm 17 mm 23 mm 304 0.04 mm/day 0.07 mm/day 
III 2.19 m 0.5 mm 5 mm 22 mm 28 mm 454 0.04 mm/day 0.05 mm/day 
IV 2.19 m 4 mm 15 mm 27 mm 33 mm 454 0.03 mm/day 0.06 mm/day 
V 2.19 m 16 mm 23 mm  32 mm 38 mm 454 0.02 mm/day 0.05 mm/day 
VI 2.19 m 26 mm 43 mm - - - - - 
I 3.19 m - - 0.5 mm 5 mm - - - 
II 3.19 m 0.5 mm 8 mm 15 mm 31 mm 304 0.02 mm/day 0.10 mm/day 
III 3.19 m 0.5 mm 6 mm 30 mm 38 mm 454 0.05 mm/day 0.08 mm/day 
IV 3.19 m 5 mm 24 mm 30 mm 38 mm 454 0.01 mm/day 
 
0.07 mm/day 
 V        3.19 m - - - - - -
VI 3.19 m 32 mm 42 mm 37 mm 46 mm 454 -0.01 mm/day 0.04 mm/day 
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Table 4.6: Two-way ANOVA comparing the log-transformed [log10(x)] number of recruits 
in the upper 25 mm core section sampled from trays containing dried sediment transplanted 
between two channel elevations. Formal multiple comparison tests were not conducted due 
to the data being unbalanced, but likely differences between treatments have been shown 
below. Lines join means that are not likely to be significantly different.  
 
Source of variation   df Mean-Square  F-ratio P 
 
Transplant    2 0.650   7.674  0.003 
Elevation    1 1.274   15.034  0.001 
Transplant x Channel elevation 2 0.183   2.155  0.134 
Error     22 0.085 
 
Treatment Means and Standard Errors 
Treatment   Background Cores  > Transplant Origin  
              (BC)   (TP)  (O)  
Mean              2.24   1.85  1.73   
SE              0.09   0.09  0.11   
n               10   10  8   
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Table 4.7: Two-way ANOVA comparing the log-transformed [log10(x+1)] number of 
recruits in the lower 25 mm core section sampled from trays containing dried sediment 
transplanted between two channel elevations. Formal multiple comparison tests were not 
conducted due to the data being unbalanced, but likely differences between treatments have 
been shown below. Lines join means that are not likely to be significantly different.  
 
Source of variation   df Mean-Square  F-ratio P 
Transplant    2 3.443   37.382  0.000 
Channel elevation   1 0.224   2.436  0.133 
Transplant x Channel elevation 2 0.038   0.418  0.664  
Error     22 0.092 
 
 
Treatment Means and Standard Errors 
Treatment  Background Cores  > Origin  Transplant  
              (BC)      (O)      (TP)   
Mean              1.22     0.23     0.14 
SE              0.10     0.11     0.10 
n               10       8       10 
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Table 4.8. One-way ANOVA comparing the log-transformed [log10(x+1)] number of 
recruits in the lower 25 mm core section sampled from trays containing dried sediment of 
varying particle size. Formal multiple comparison tests were not conducted due to the data 
being unbalanced, but likely differences between treatments have been shown below. Lines 
join means that are not likely to be significantly different.  
 
Source of variation  df Mean-Square  F-ratio P 
Treatment   4 1.187   5.993  0.003  
Error    18 0.198 
 
Treatment Means and Standard Errors 
Treatments Background Core   > Unsieved Fine  Coarse Sieved 
Mean  1.34   0.36  0.28  0.24  0.16  
SE  0.20   0.26  0.20  0.20  0.20  
n  5   3  5  5  5 
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Table 4.9: Fisher’s exact (two tail) test comparing the number’s of recruits greater and 
smaller than the modal length (0.9 mm) in the upper and lower 25 mm core sections 
including both the sediment trays and background cores.  
 
Core section (rows) by bivalve length (columns) 
juveniles     juveniles  Total  
> 0.9 mm   < 0.9 mm 
No. %   No. % 
 
Upper   418 51.6   392  48.4  810 
Lower   146 45.1   178  54.9  324 
Total   564 49.7   570 50.3  1134 
 
Fisher exact P = 0.049 
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Table 4.10: Fisher’s exact (two tail) test comparing the number of recruits greater and 
smaller than the modal length (0.9 mm) in the upper and lower 25 mm core sections. This 
was a comparison of the sediment trays only (i.e. background cores have been omitted).  
Core Section (rows) by bivalve length (columns) 
No of juveniles  No of juveniles Total 
   > 0.9 mm   < 0.9 mm    
   No. %   No. % 
 
Upper   91 33.6   180 66.4  271 
Lower   71 31.8   152 68.2  223 
Total   62 32.8   332 67.2  494 
  
Fisher exact P = 0.700 
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Table 4.11: The mean length of recruits collected in individual treatments of the 
transplantation and sediment particle size experiment. Mean lengths are given for the upper 
and lower 25 mm core sections. 
 
Experiment Treatment n mean  
length  
(mm) 
SE Min.  
length 
(mm) 
Max. 
length 
(mm) 
Upper 25 mm core section      
       
Transplant BC (deep) 90 0.91 0.02 0.71 1.92 
Transplant BC (shallow) 90 0.95 0.02 0.56 1.34 
Transplant Deep to Deep (O) 90 0.94 0.03 0.62 2.56 
Transplant Deep to Shallow (TP) 90 0.99 0.02 0.78 1.80 
Transplant Shallow to Shallow (O) 90 0.97 0.02 0.62 2.11 
Transplant Shallow to Deep (TP) 90 0.95 0.03 0.73 3.41 
Sed. Part. size BC 90 0.95 0.02 0.56 1.34 
Sed. Part. size Coarse 90 0.93 0.02 0.64 2.07 
Sed. Part. size Fine 90 0.97 0.02 0.58 2.06 
Sed. Part. size Unsieved 90 0.97 0.02 0.62 2.11 
Sed. Part. size Sieved 90 0.97 0.02 0.80 1.60 
       
Lower 25 mm core section      
       
Transplant BC (deep) 62 1.30 0.13 0.67 5.19 
Transplant BC (shallow) 222 0.99 0.04 0.52 6.25 
Transplant Deep to Deep (O) 2 0.82 0.01 0.80 0.83 
Transplant Deep to Shallow (TP) 3 4.7 1.90 0.95 7.10 
Transplant Shallow to Shallow (O) 5 3.55 0.87 1.07 5.82 
Transplant Shallow to Deep (TP) 1 0.88 - 0.88 0.88 
Sed. Part. size BC 222 0.99 0.04 0.52 6.25 
Sed. Part. size Coarse 2 0.98 0.12 0.86 1.09 
Sed. Part. size Fine 24 0.87 0.02 1.17 0.74 
Sed. Part. size Unsieved 5 3.55 0.87 1.07 5.82 
Sed. Part. size Sieved 3 3.77 1.53 0.87 6.08 
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Table 4.12: Non-parametric two-way ANOVA (Sheirer-Ray-Hare extension of the Kruskal-
Wallis test) comparing the lengths of recruits collected in trays of the Transplantation 
experiment.  
 
Source of variation   df MS  F-ratio P 
 
Transplant    2 212970 2.220  0.110 
Channel elevation   1 2759610 28.77  < 0.001 
Transplant x Channel elevation 2 5916.67 0.062  0.940 
Error     534 95914.0  
 
For Transplant    H = 425940/24345 = 17.50,  P < 0.001  
For Elevation    H = 2759610/24345 = 113.4  P < 0.001 
For Transplant x Channel elevation H = 11833.3/24345 = 0.49  P > 0.5 
 
The mean rank of lengths for the two-way non-parametric test in order of decreasing size. 
Treatment Transplantation (TP)  Background Core (BC) Origin (O)  
Mean Rank 610.506   558.694   545.406  
n  180    180    180  
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Chapter 5: Growth 
5.1 Introduction 
It is possible for bivalves (or any organism) of a particular age or size class to be more 
susceptible to mortality than others (i.e. various age-specific mortality rates, Seed & Brown 
1978: Beukema 1993). Patterns of growth can influence the duration of susceptibility for 
certain species. For example, Seed & Brown (1978) suggested that rapid growth rates and 
early maturation may be an optimal strategy for bivalves that experience high mortality 
throughout their life-time, whilst others may direct all of their energy towards growth, 
thereby delaying reproduction until they reach a size that is far less susceptible to a 
particular source of mortality. The above strategies were examined in relation to rates of 
predation. Peterson & Wells (1998) have also suggested that opportunistic species that are 
of small size, exhibit rapid growth rates, early maturation and direct development may be 
more suited to the widely fluctuating physico-chemical environments common to many 
estuaries in southern Australia. 
 
Several methods exist for determining the growth rates of bivalve molluscs (Grant et al. 
1987). Indirect methods include modal analysis of length-frequency data (see Chapter 4) 
and by measuring the lengths of bivalves that have been aged from growth rings present on 
the shell. Several factors can complicate the interpretation of data obtained by these 
methods. The identification and separation of individual cohorts in a length-frequency 
analysis can be difficult if there are several recruitment events during a season or growth 
varies a lot from year to year or among individuals. Counting rings present in the shell 
relies on the assumption that each ring corresponds to an annual growth check. This is 
controversial since the deposition of rings may occur several times in one year due to 
various changes in the environment, such as a change in salinity or dissolved oxygen (Kube 
et al. 1996). S. alba possesses a very thin, brittle shell which further complicated the use of 
the latter method, so a more direct method involving the use of tagged bivalves in caged 
and uncaged plots was used to estimate the growth rates in this chapter. 
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The importance of determining the growth rate and reproduction for the purpose of this 
study have been discussed in earlier sections (Chapters 1 & 4). Unfortunately, the 
reproductive biology of S. alba was not examined during this study and so remains 
unknown, thus the principal purpose of this chapter was to monitor growth at each of the 
three sites described in Chapters 2 & 4. The results of this Chapter were also used as a 
guide for interpreting the length-frequency data in Chapter 4.  
 
The specific aims of this Chapter are to: 
1) determine the growth rate and condition (as indicated by mass for length) of 
individually marked bivalves in caged and uncaged plots near the mouth of the Hopkins 
River estuary. These growth rates would then be used to estimate the range of lengths that 
could be reached by juveniles within their first season of growth; 
2) determine whether growth rates and condition differed between 
caged and uncaged bivalves. This was important for determining whether the use of cages 
is appropriate for monitoring the growth of S. alba. Also, differences in growth rates 
between sites could potentially explain any systematic size differences for bivalves sampled 
at each of the three sites in Chapter 4; and 
3) examine whether different amounts of handling influenced the growth rate, 
condition and mortality of caged bivalves. This was important because S. alba is a thin-
shelled bivalve with fragile siphons.  
5.2 Methods 
5.2.1 Pilot cage and mark-recapture experiments, 1996-1997  
The horizontal movement of S. alba was examined during two short mark-recapture trials 
that ran for four days between 25/11/1996 to 29/11/1996, and 29/11/1996 to 3/12/96. The 
purpose of these trials was to provide an estimate of the short-term recovery rate of 
uncaged bivalves in order to determine whether future mark-recapture experiments would 
be feasible. Twenty-five bivalves were individually tagged (see Chapter 2) and placed into 
three adjacent 0.28 x 0.28 m plots at Site 2. Different tag symbols were used to distinguish 
bivalves of one plot from the other. 
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Black bream (Acanthopagrus butcheri) is a known predator of S. alba and was often 
present during the installation of bivalves in uncaged plots. A bottomless, stainless steel 
box corer (0.28 x 0.28 x 0.35 m deep) with a lid was placed above each plot to prevent the 
fish from taking tagged bivalves before they had a chance to burrow. The box was not 
removed until all bivalves had completely burrowed beneath the sediment. The four corners 
of each plot were then marked with wooden stakes (300 mm length) pushed completely 
beneath the sediment surface. Small white floats (same as those attached to cages, see 
Chapter 2) were attached to each stake so that plots could be relocated at the end of the 
experiment.  
 
Bivalves were recovered from plots at the end of the experiment by inserting the stainless 
steel box corer into the sand at each plot. All of the sand within the box corer was then 
removed with a bait pump and sieved to remove the tagged bivalves. A total of 15 plots 
were sampled at the end of each four day trial; the three original plots plus twelve plots 
directly adjacent to each of the three plots (see Fig 5.1). Bivalves recovered at the end of 
Trial 1 were counted in situ and returned to the same three plots for the commencement of 
Trial 2. Any missing bivalves were replaced with newly tagged individuals.  
 
Growth rates were monitored at 2 sites near the mouth of the Hopkins River estuary using 
caged and uncaged bivalves during four two-month intervals between 21/12/96 and 
17/02/97 (59 days), 26/02/97 and 29/04/97 (64 days), 15/05/97 and 14/07/97 (61 days), and 
30/07/97 and 27/09/97 (60 days). Hereafter, these intervals will be referred to as Dates 1 to 
4, respectively. Unforeseen problems encountered during Date 1 resulted in the number and 
type of cages used during Date 1 differing from Dates 2 to 4 (see Chapter 2 for a 
description of the two cage types used).  
 
Caged and uncaged bivalves (for Date 1 only) were deployed at Sites 1 & 3. At both sites, 
cages and mark-recapture plots were placed at the 2.28 m channel elevation (see Chapter 2 
for description of channel elevations). Cages were placed at the 2.28 m channel elevation in 
order to minimise the amount of disturbance at the 2.19 channel elevation, which was also 
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used to sample abundances (see Chapters 2, 4 & 6). Both cage types (small and large) were 
used during Date 1 only. 
 
Bivalves used in the experiment were collected in bulk from an area adjacent to Site 2 to 
avoid depleting bivalves in other areas used to monitor abundances. Five small cages, six 
large cages and five mark-recapture plots were placed at each of the 2 sites during Date 1. 
Five small bivalves of 2 to 3 mm length were used in the small cages and 10 bivalves of 13 
to 35 mm length were used in each of the large cages and mark-recapture plots. The mark-
recapture plots (for Date 1 only) were square plots with a similar surface area to that of 
large cages (0.08 x 0.08 m, 6.4 x 10-3cm2). The number of bivalves used in the cages and 
mark-recapture plots were similar to the mean abundance of juveniles and adults sampled 
near Site 1 during 1995 (Matthews 1995). Cages and mark-recapture plots were randomly 
arranged and deployed in the same manner as described in Chapter 2.  
 
At the end of Date 1, no living bivalves were recovered from any of the small cages at 
either site nor were any tagged bivalves recovered from the mark-recapture plots. 
Following this disappointing outcome, the growth rates of bivalves during Dates 2, 3 & 4 
were monitored using large cages only and ten replicate cages were used per site instead of 
six. In addition, tags were individually labelled for each of the 10 bivalves per cage during 
Dates 2, 3 & 4.  
 
An additional comparison was made during Date 4. An additional site (Site 2, see Fig. 2.2) 
was added and bivalves collected in areas adjacent to Sites 1, 2 & 3 were transplanted 
between sites to test whether bivalves translocated to and from different areas exhibited 
different rates of growth. Five replicate cages containing 10 individually marked bivalves 
were used for each Site x Transplant combination except at Sites 1 and 3. At these Sites, the 
number of transplanted cages (bivalves transplanted from Site 2 to Site 1 and Site 2 to Site 
3) equalled 10 replicate cages instead of 5 to match the number of the other 10 replicate 
cages used at Sites 1 and 3 during Dates 2 & 3. 
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5.2.2 Caged and uncaged experiments, 1997-1998 
The methods used to monitor growth during 1997-98 differed slightly from those used in 
the 1996-97 pilot study. The most notable changes included the use of small instead of 
large cages and only a single bivalve was added to each cage. The smaller cages were 
easier to manipulate and one bivalve was used per cage in order to avoid problems 
associated with the independency of data. Eighty tagged bivalves were added to a small, 
square mark-recapture plot with dimensions of 0.28 x 0.28 m (uncaged bivalves) at each 
Site and thirty replicate cages were used at Sites 1, 2 & 3 during three different time 
intervals. Growth rates were monitored between 11/12/97 and 10/03/98 (89 days), 12/03/98 
and 10/06/98 (89 days) and 11/12/97 and 10/06/98 (180 days). Hereafter, these three time 
intervals will be referred to as Dates 5, 6 & 7, respectively.  
 
At the end of Date 5, the handling and collection of bivalves held in cages versus the mark-
recapture plots differed slightly. All bivalves collected from the mark-recapture plots were 
replaced with newly tagged, measured individuals. All living bivalves recovered from 
cages were measured in situ and returned back to the same cage and site from where they 
came. Therefore, some of the bivalves recovered from cages at the end of Date 6 had been 
handled twice during the 180 day period between the 11/12/97 and 10/03/98. Any dead 
bivalves were replaced with newly tagged individuals that were collected and measured 
from the same site on that day.  
 
Bivalves used in cages and the mark-recapture plots were collected in bulk from areas 
adjacent to each of the 3 sites. The deployment of cages and the measurement of length and 
mass were the same as described in Chapter 2. The deployment and recovery of bivalves 
from the mark-recapture plots was the same as described above in Section 5.2.1. Some of 
the bivalves recovered from the mark-recapture plots were crushed and could not be used 
for mass measurements. Therefore, the number of bivalves used for comparisons of 
condition was often less than those used in comparisons of growth rates. The methods used 
to measure lengths and condition (as indicated by mass) are described in Chapter 2.   
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5.3 Data Analysis 
5.3.1 Pilot cage and mark-recapture experiments, 1996-1997 
Not all of the cages installed at the beginning of each Date were recovered at the end of 
each trial. Some of the cages were removed by recreational users of the estuary and a small 
number of cages were lost. The number of living bivalves recovered in individual cages at 
the end of each date also varied (ranging from 0 - 10 individuals) due to differing rates of 
mortality. Only cages with a minimum of three survivors per cage were used in analyses. 
Ten balanced data sets were created from the unbalanced data by randomly eliminating 
replicate cages from each Date x Site combination until a uniform sample size of three 
replicate cages was reached. The output of the balanced data was used as a check for 
interpreting the results of unbalanced data set with some greater confidence.  
 
Very few differences were exhibited in the output of the analyses using the balanced and 
unbalanced data sets. Therefore, only the unbalanced data has been presented in this 
Chapter. Of the 10 balanced data sets analysed, Date was highly significant on every 
occasion, and the factor Site and the Date x Site interaction were never significant. The 
only inconsistent factor in the analysis was the covariate (mean initial length) which was 
significant for four of the ten analyses. This was not surprising given the range of sizes 
used in the experiment (Fig. 5.2).  
 
Data were analysed using a two-way mixed-model ANCOVA. The factor Site was 
considered a random factor (see Chapter 2) and consisted of 2 levels (Sites 1 & 3). Date 
was considered fixed in relation to the growth season of S. alba and consisted of four levels 
(Dates 1 to 4). The dependent variable (mean growth rate in mm/day) was calculated by 
dividing the mean growth increment of each Date by the number of days within each Date. 
The mean growth increment was calculated by subtracting the mean length of the 10 
bivalves added at the beginning of each date from the mean length of living bivalves 
recovered at the end of each date. (i.e. mean final length (3 < n < 10) - mean initial length (n = 
10)). These data were log-transformed [log10(x + 1)] to meet the assumptions of ANCOVA. 
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The addition (x +1) was required since there were negative growth increments present in 
the data and log10 (-x) cannot be solved. Mean initial length was used as the covariate 
because growth increment is usually negatively related to initial size.  
 
Similar problems associated with missing cages and varying numbers of bivalves recovered 
at the end of the experiment also occurred during the transplant experiment during Date 4 
(i.e. unbalanced data). The data were treated in a similar manner as described above with 
two exceptions. The data were not log-transformed and a balanced data set was not created. 
Site was considered a random factor with three levels (Sites 1, 2 & 3) and the factor 
Transplantation was considered a fixed factor with two levels (transplanted versus non-
transplanted cages).  
5.3.2 Caged and uncaged experiments, 1997-1998 
Unfortunately, problems associated with unbalanced data due to situations similar to those 
described in Section 5.3.1 were also experienced during the 1997-1998 experiments. The 
cages were deployed during the warmer, summer months when recreational use of the 
estuary was at its peak. Not all of the cages were retrieved at the end of each Date and the 
number of living bivalves recovered in cages and mark-recapture plots also varied between 
Dates and Sites (n ranged from 5 to 22 cages and 5 to 36 mark-recapture plots).  
 
A three-way mixed-model ANCOVA was used to compare the growth rates (mm/day) of 
caged and uncaged S. alba across the three dates and sites. The factor Date consisted of 
three levels (Dates 5, 6 & 7) and was considered fixed in relation to the hydrological cycle 
and growing season. Site was considered a random factor with three levels (Sites 1, 2 & 3) 
and Method was considered a fixed factor with two levels (caged versus uncaged bivalves). 
Initial length was used as the covariate.  
 
The condition of caged and uncaged bivalves was also compared using a three-way, mixed-
model ANCOVA using the log-transformed mass [log10(x)] of bivalves measured at the end 
of each Date as the dependent variable. The mass of caged bivalves was not measured at 
the end of Date 5 because they were returned to their cage. Therefore, the fixed factor Date 
consisted of two levels instead of three (Dates 6 & 7 only). Lengths measured at the end of 
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the experiment were log-transformed [log10(x)] to be used as the covariate and the 
remaining factors (Site and Method) were the same as described in the previous paragraph.  
 
The growth rate and condition of bivalves handled once were compared with those handled 
twice during the 180 day period between 11/12/97 and 10/03/98 using a two-way mixed-
model ANCOVA (caged bivalves only). The factor Handling was considered fixed with 
two levels (bivalves handled once versus those handled twice) and Site was the same as 
described in the paragraph above. Initial length was used as the covariate for comparing 
rates of growth and log-transformed length [log10(x)] was used as the covariate for 
comparing condition. The dependent variable of mass was log-transformed [log10(x)] to 
meet the assumptions of ANCOVA.  
 
The number of mortalities (caged bivalves only) handled once opposed to those handled 
twice were pooled across sites and compared between sites using Fisher’s exact test. 
5.4  Results 
5.4.1 Pilot cage experiments, 1996-1997  
More than 50% of the bivalves tagged and released during two, four-day mark-recapture 
trials were recovered at the end of each trial (55% for Trial 1 and 60% for Trial 2). S. alba 
exhibited very little horizontal movement during both trials. Only 7% of the bivalves 
recovered after Trial 1 and 10% of those recovered after Trial 2 were found outside their 
initial plots of 7.84 x 10-2 m2.  
 
A two-way mixed-model ANCOVA of the unbalanced data revealed that Date (Fig. 5.2, 
Table 5.1) and the covariate Initial length were the only highly significant factors in the 
analysis (Table 5.1, Fig. 5.2). The adjusted mean growth rates for each Date are also shown 
in Table 5.1. The standard errors associated with these four means suggest that growth for 
Date 1 is likely to be significantly greater than growth during Date 2 and the growth rates 
during Dates 1 & 2 were clearly greater than the negligible growth exhibited during Dates 3 
& 4. A formal multiple comparison test was not conducted due to the unbalanced nature of 
these data. 
 
 179
 
Growth monitored during the Transplantation experiment was negligible and hence, there 
were no detectable differences between the mean growth increments of transplanted and 
non-transplanted bivalves at each of the three sites (Fig. 5.3, Table 5.2).  
 
Mean growth rates monitored during the 1996-1997 experiment were pooled across Site 
since neither Site nor the interaction between Site and Date were ever significant. The mean 
growth rate of bivalves for Dates 1 to 3 were pooled across 2 sites (1 & 3) and Date 4 
consisted of data pooled across three sites (see Table 5.3). Bivalves grew at a rate of 0.12 
mm/day during Date 1, 0.08 mm/day during Date 2 and had virtually stopped growing 
during Date 3 (0.004 mm/day) and Date 4 (0.003 mm/day).  
5.4.1 Caged and uncaged bivalves, 1997-1998 
The non-significant interaction terms for Date, Site and Method suggest that the growth rate 
of caged and uncaged bivalves was consistent for all Sites and Dates monitored during the 
1997-98 period (Fig. 5.4, Table 5.4). Initial length had the strongest influence on growth 
rate (Table, 5.4) and growth rates did not differ between Sites or between caged and 
uncaged bivalves (Table 5.4). The only significant difference between growth rates was 
between Dates (Fig. 5.4, Table 5.4). Very little growth occurred during the colder months 
between 12/03/98 and 10/06/98 (89 days), which is likely to be significantly less than the 
growth periods between 11/12/97 and 10/03/98 (89 days) and 11/12/97 and 10/06/98 (180 
days). A formal multiple comparison test was not conducted due to the data being 
unbalanced. The adjusted mean growth rates for each Date are shown at the bottom of 
Table 5.4.  
 
The growth rates were pooled across Sites and Method since neither factor had a significant 
influence on growth. These pooled estimates were then used to calculate the mean growth 
rate (mm/day) of bivalves for Dates 5, 6 and 7 (Table 5.3). Growth was most rapid during 
Date 5 with bivalves growing at a rate of 0.05 mm/day and negligible growth occurred 
during Date 6 with bivalves growing at a rate of only 0.01 mm/day. The growth rate for 
bivalves for the 180 day period (Date 7) was 0.03 mm/day (Table 5.3). 
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There was some evidence that condition (as indicated by mass for length) varied between 
caged and uncaged bivalves at the three Dates and Sites used in this study. There was a 
significant Site x Method interaction (Fig. 5.5, Table 5.5). However, there were several 
outliers present in these data, which caused the significance of the interaction to become 
weaker when they were removed from the analysis (df = 2, F = 3.371, P = 0.036). The 
covariate [log10(final length)] also had a highly significant influence on condition (Table, 
5.5). The relationship between mean mass and length for bivalves grouped into six size 
classes (2 mm increments, data pooled across Date, Site and Method) is shown in Figure 
5.6. 
 
The growth of S. alba subjected to different amounts of handling is shown in Figure 5.7. 
Initial length was the only significant influence on growth rate (Table 5.6). None of the 
remaining sources of variation, including Handling, significantly influenced the growth 
rates of cage bivalves (Table 5.6).  
 
The condition of bivalves handled once opposed to those handled twice was significantly 
influenced by the log-transformed covariate ([log10(final length)], Fig. 5.8, Table 5.7). 
None of the remaining factors significantly influenced condition. However, there was an 
outlier present in the data, which when removed changed the Site x Handling interaction 
from non-significant to significant (df =2, F = 4.319, P = 0.016). Therefore, there is some 
evidence to suggest that handling may have influenced the condition of S. alba although 
this effect was inconsistent between sites. 
 
The results for how handling might influence the mortality of caged bivalves were opposite 
to those expected. There were fewer mortalities for bivalves that were handled twice 
compared to those handled once at Sites 1 & 3 (Table 5.8). This trend was significant at 
Site 1 and for mortalities pooled across sites (Table 5.8). There were no significant 
differences between mortalities at Site 2 or Site 3 (Table 5.8).  
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5.5 Discussion 
This is the first study that has used S. alba as an experiment animal (Ponder, et al. 2000). S. 
alba is a relatively delicate bivalve with a thin shell and fragile siphons. The controlled in 
situ experiments described above showed that;  
1)  cages appeared to be a more efficient method than uncaged plots for determining the 
growth rates;  
2)  The sampling process did not appear to influence growth, but there was some indication 
that different amounts of handling may have influenced condition and survivorship; 
3)  The growing season is short (from December to March/April), growth rates did not 
differ between Sites near the mouth of the estuary and that it is possible for the fastest 
growing individuals to grow at a rate of 0.2 mm/day during the most productive growth 
period (Austral summer). This growth rate suggests that bivalves are capable of 
growing from 20 to 30 mm within a growth season.  
 
The recovery rate of bivalves kept in the small cages (92%) was greater than large cages 
(87%, Table 5.9). The percentage survivorship of caged bivalves was similar for both cage 
types but varied considerably between dates (Table 5.9). There was no obvious increase in 
the number of mortalities during the colder, winter-spring months as has been found for 
some other studies in southern Australia (Peterson & Black 1993). However, the number of 
mortalities was greater for those bivalves held in cages for the greatest period of time (e.g. 
bivalves used during Date 7 as opposed to those used during Dates 5 & 6, Table 5.9). 
Typical recovery rates for bivalves used in controlled experiments are not easy to find (but 
see Peterson & Andre 1980; Peterson 1982b; Peterson & Beal 1989; Peterson & Black 
1988a,b, 1993; Palacios et al. 2000) since most estimates of bivalve growth seem to have 
been estimated from length-frequency data and/or shell ageing techniques (e.g. Paul et al. 
1976; Morton 1977; Butler & Brewster 1979; Bachelet 1980; Moller & Rosenberg 1983; 
McGrath & O'foighil 1986; Kevrekidis & Koukouras 1992; Lastra et al. 1993; McGrorty & 
Goss-Custard 1995; Kube et al. 1996; Wilson 1997). The recovery rate of living, caged 
bivalves used during this study was quite low compared to other studies that have also used 
caging experiments to estimate the growth rate of other bivalve molluscs (Table 5.10). Two 
cage designs were used during this study with differing rates of survivorship and recovery. 
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Therefore, it is possible that the number of mortalities may be reduced with further 
improvements to the design of cages.  
 
The recovery rate of bivalves held in cages was much greater than for uncaged plots, so it 
would appear that cages rather than uncaged plots are a more suitable and efficient method 
for monitoring growth rates. The advantages and disadvantages of using enclosures have 
been well documented (Virnstein 1978; Peterson 1982b; Kennelly 1991; Martin-Smith 
1993; Peterson & Black 1993, Olaffson et al. 1994). The cages used in this study should 
not have greatly altered the hydrodynamic regime above the sediment since they were 
completely buried beneath the sediment surface. The effect that the cages had on the 
movement of interstitial water and perhaps food supply have not been tested, which may 
have differed between caged and uncaged plots and could have caused the slight 
differences in condition and survivorship of caged bivalves at some sites. A potential 
improvement to the cage design might include the use of larger mesh. 
 
Short-term recoveries for uncaged bivalves ranged between 55 and 60 % after two 4-day 
periods, 21 to 39 % over two 90-day periods (Dates 5 & 6 of the 1997/98 experiment) and 
42% were recovered from plots left for 180 days (Date 7 of the 1997/98 experiment). 
Predation by fishes, collection of bait by recreational anglers and detachment of tags are the 
most likely causes for missing bivalves in the uncaged plots. Emigration also deserves 
consideration but there was little evidence for this in the two short-term studies. All caged 
bivalves were recovered with tags still attached to intact shells but the recovery of bivalves 
from mark-recapture plots was a more destructive process than the recovery of cages. 
Nearly 10% of bivalves removed from the mark-recapture plots were crushed, so the more 
rigorous handling of bivalves recovered from the mark-recapture plots may have also lead 
to a greater loss of tags, particularly from the brittle valves of dead individuals. 
 
It appears that only two other studies have provided estimates for the recovery rates of 
infaunal bivalves from uncaged plots (Peterson 1982b; Peterson & Black 1993). Peterson 
(1982b) showed that unenclosed plots had a lower recovery of living bivalves and higher 
percentage of missing bivalves compared with enclosed plots for long term experiments, 
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and Peterson & Black (1993) showed that the percentage recovery, survivorship and rates 
of growth differed between enclosed and unenclosed plots depending on the species used. 
The recovery rates of living bivalves used in this study were considerably lower than those 
found by Peterson (1982b) and Peterson & Black (1993) (Table 5.10). Predation by black 
bream (Acanthopagrus butcheri) together with the detachment of tags may explain the poor 
recovery of living and dead bivalves from the uncaged plots.  
 
Of those caged and uncaged bivalves that did survive, the small amount of handling 
appeared to have little influence on their performance in terms of growth. However, the 
survivorship of caged bivalves handled twice was greater than those handled once and the 
effect of handling on condition was inconsistent between sites. The increased survivorship 
of bivalves handled once opposed to those handled twice was unexpected and may have 
been caused by different amounts of cage burial (and therefore possible smothering of 
bivalves by being too deep for siphons). Sedimentation has been shown to cause significant 
mortality of other bivalve molluscs (Protothaca staminea and Chione undatella) that 
appeared incapable of re-adjusting their living positions after being covered by a new layer 
of sediment (Peterson 1985). Unfortunately, the amount of sand covering each cage at the 
end each date was not recorded but it is likely that cages used during Date 7 were covered 
by a greater depth of sand than those used during Dates 5 & 6. There was some evidence 
that the condition of S. alba was influenced by handling, but the reliability of this result is 
questionable due to the data being unbalanced and because of the presence of outliers. 
Compared to other manipulative studies, the relative high number of mortalities, together 
with the apparent influence of increased handling on condition suggest that this species 
may not be as amenable to experimental manipulations as some thicker-shelled species 
(Table 5.10). 
 
There was very little evidence to suggest that the growth rates differed between sites. 
Therefore, it is highly unlikely that any differences in the mean lengths of bivalves between 
Sites are due to systematic variations in the growth rates between sites. The presence of 
different age classes remains a possible explanation for any differences in the mean length 
of bivalves between sites, particularly in areas where flood mortality didn’t occur (see 
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Chapter 4). In addition, the presence of varying age classes between sites is possible if there 
is variation in the timing of recruitment and/or age-specific mortality rates between sites. 
These hypotheses are yet to be tested. 
 
The growth season appears to be short with most of the growth occurring between 
December and March/April after which, growth becomes negligible during the months of 
May to September. Temperature is considered one of the most important factors controlling 
the rates of growth and reproduction in bivalve molluscs (Bachelet 1980; Mackie 1984). 
The factor(s) responsible for the cessation of growth in this study remains unclear, but 
negligible growth does appear to coincide with minimum temperatures. The mean monthly 
temperature range experienced in the estuary during the study period at the 2.28 m channel 
elevation are shown in Figure 5.9 (temperatures were averaged between the 2.00 and 2.50 
m channel elevations as per Chapter 3). Negligible growth for other bivalve molluscs has 
also been observed during periods of minimum temperatures (Morton 1969; Seed & Brown 
1978; Butler 1987; Peterson & Black 1993). The largest fall in temperature during this 
study occurred between March and April, which coincided with the period of negligible 
growth. Mean temperatures between April and October were approximately 15oC or below. 
Therefore, it is hypothesised that growth is limited by temperatures below 15oC and that 
growth during October is probably negligible, similar to that in April since the mean 
temperatures for these two months are similar (i.e. approximately 15oC, Fig. 5.9).  
 
There appeared to be some variation in growth rates between years as indicated by the 
1996/97 and 1997/98 experiments (see Table 5.3). Unfortunately, somewhat different 
methods were used for the two experiments, which make it difficult to determine whether 
the differences were attributable to a difference in years or because of the difference in 
methods used or a combination of the two. However, the salinity regime of the estuary also 
differed significantly between the two seasons and may have been responsible for the 
apparent differences in growth. Reduced salinities have been shown to slow the growth of 
bivalve molluscs (see Bachelet 1980) and this study showed that poor condition was 
associated with lower salinities (see Chapter 6). Mean salinities at the 2.28 m channel 
elevation were lower during the 1997/98 season than the 1996/97 season (see Chapter 3). 
 
 185
Therefore, it is possible that bivalves used during the 1997/98 experiment needed to direct 
more energy towards maintenance rather than growth compared with the bivalves used 
during the 1996/97 experiment. Hence, this possibly explains the slower growth in 1997/98.  
 
It is possible that the estimates of growth, condition and survivorship of S. alba provided in 
this Chapter are conservative estimates only since S. alba is a delicate bivalve with fragile 
siphons that were easily broken during the collection process. The loss of siphons has been 
found to cause a significant reduction in the somatic growth (Peterson & Quammen 1982), 
condition (Trevallion 1971; Hodgson 1982), reproductive effort (Trevallion 1971) and the 
burying depth (Zwarts 1986) of other bivalve molluscs. It was difficult to collect S. alba in 
large numbers without breaking their siphons, so their growth is likely to have been 
restricted at the onset of the experiments. In addition, the absence of any growth data 
during November is potentially contributing to a further underestimation of the possible 
growth rates because water temperatures (Fig. 5.9) were perhaps high enough then to 
invoke growth.  
 
The mean growth rate provided by the 1996/97 experiment (0.12 mm/day) suggests that 
bivalves could grow from 23 to 30 mm during a two-month period between December and 
mid February. Growth rates were still high during Date 2 but had decreased with bivalves 
growing at mean rate of 0.08 mm/day. Using this growth rate, bivalves with a length of 30 
mm at the end of Date 1 would be expected to have grown to approximately 35 mm by the 
end of Date 2. Whether this growth rate can apply to animals with a mean length of 30 mm 
is unclear because the growth of bivalves tends to be negatively related to size. However, 
this does not seem unreasonable given the length frequency data provided in Chapter 4. 
These values fall within the size range of bivalves shown in the two histograms shown in 
Chapter 4 between Dates 3 & 4 (Figures 4.10 & 4.11).  
 
The rates of growth exhibited in this study suggest that it is highly likely that S. alba can 
grow to half of their maximum size within their first season of growth. Unfortunately, the 
reproductive biology of S. alba is unknown and was not examined during this study. 
Several studies that have examined the reproductive biology of other bivalve molluscs 
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suggest that the many species can reach sexual maturity when, or even before, they reach 
half their maximum length (Table 5.11). Therefore, I would hypothesis that S. alba can 
grow, reach sexual maturity and reproduce within their first year of growth. This would 
ensure that juveniles are present in the sediment prior to the onset of winter flooding.   
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Figure 5.1: The arrangement of plots for the mark-recapture trial looking at short-term 
horizontal movement over a four-day period. Twenty-five bivalves were initially installed 
into each of three adjacent plots (plots 1 to 3, shown below as boxes with thickened lines at 
the centre of the grid). Adjacent boxes with unthickened lines represent adjacent plots that 
were sampled at the end of each four-day trial (plots 4 to 15). Each plot had dimensions of 
0.28 x 0.28 m. 
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Figure 5.2: Plot of the mean growth rate against the mean initial size for cages containing 
10 bivalves during Dates 1 to 4 at Sites 1 and 3, respectively. Lines represent lines of best 
fit and n ranged from 3 to 10. 
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Figure 5.3: Plot of the mean growth rate against the mean initial length for bivalves 
transplanted in cages between three Sites near the mouth of the Hopkins River estuary 
during Date 4. Lines represent lines of best fit.  
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Panel C: Cages transplanted from Site 1 to Site 2, Site 3 to Site 2 and those returned to their 
site of origin (Site 2 to Site 2), n = 5.  
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Panel D: Cages transplanted from Site 1 to Site 3, Site 2 to Site 3 and those returned to their 
site of origin (Site 3 to Site 3), n ranged from 3 to 7.  
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Figure 5.4: Plot of growth rates against initial length for caged and uncaged bivalves at 
three Sites during Dates 5 to 7. Lines represent lines of best fit and n ranged from 5 to 36. 
     
   Caged, Site 1
Caged, Site 2
Caged, Site 3
Uncaged, Site 1
Uncaged, Site 2
Uncaged, Site 3
Method & Site
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Figure 5.5: Plot of the log-transformed mass [log10(x)] against the log-transformed length 
[log10(x)] for caged and uncaged bivalves at three sites during Dates 6 & 7. Lines represent 
lines of best fit and n ranged from 5 to 32. 
 
   Caged, Site 1
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Uncaged, Site 3
Method & Site
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Figure 5.6: Plot of the mean mass (± SE) against six size classes (in 2 mm increments) for 
bivalves used during the 1997/1998 growth experiment. Data were pooled across Dates, 
Sites and Method and n ranged from 10 to 79. 
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Figure 5.7: Plot of growth rates against initial length for bivalves kept in cages 
   
exposed to different amounts of handling. Lines represent lines of best fit and n 
ranged from 10 to 22. 
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Figure 5.8: Plot of the log-transformed length [log10(x)] against the log-transformed mass 
[log (x)] for caged bivalves subject to different amounts of handling. Lines represent line 
    
10
of best fit. Circles and solid line represent Site 1, triangles and broken line represent Site 2 
and stars and dotted line represent Site 3 (n ranged from 10 to 22). 
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Figure 5.9: Plot of mean monthly temperatures pooled between 1996 and 1998. Data are 
pooled across the 200 and 250 m channel elevations (n ranged from 26 to 267). The 
it to observe mperatures lie above the 
solid line. The re ve d th d 
ry 
temperatures. 
hypothesised lim d growth period and associated te
 black bar rep sents the acti  growth perio  while grow during the perio
represented by the shaded bar remains unknown. Months 1 through 12 equal Janua
through December, respectively and errors bars represent minimum and maximum 
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Table 5.1: Two-way, mixed-model ANCOVA comparing the mean growth rate of S
kept in large cages at two sites for four two-
. alba 
month intervals near the mouth of the Hopkins 
iver estuary. The mean square of the fixed factor Date was tested over the mean-square of 
the Date x Site and d th  x Site interaction 
terms were tested over or mean-squar riate was mean initial length (see 
hown are the adjusted mean growth rates (± SE) and the likely differences 
between means. A arison test ucted use ata w  
unbalanced.  
 
ariation Mean F-ratio 
 
Initial gth   1 0.005 7 09
 0.034 7 .00
ite    1 0.001   1.012  0.321 
Date x Site   3 0.001   0.735  0.538 
Error    38 0.001 
 
Adjusted least squares means 
Date  1    > Date 2     > Date 4     >   Date 3        
Mean  0.053  0.029  0.002  0.0004   
SE  0.004  0.003  0.003  0.003   
n  8  15  13  11   
R
 interaction term. The r
he E
om factor Site an
he c
e Date
t rr e. T ova
text). Also s
multiple comp  was not cond  beca the d ere
P  So vurce of   df -Square  
Len
  
   
   
.549  
4.832  
0.0
<0
 
5  Date 
S
 3 
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Table 5.2: Two-way, mixed-model ANCOVA comparing the mean growth rate of S. alba 
transplanted between three sites during Date 4 near the mouth of the Hopkins River estuary. 
The mean-square of the fixed factor Transplant was tested over the mean-square of the 
Transplant x Site interaction term. The fixed factors Site and the Transplant x Site 
interaction terms were tested over the Error mean-square. The covariate was mean init
length (see text). 
 
Source of variation df Mean-Square  F-ratio P  
 
Initial Length  1 4.90 x 10
ial 
ite   2 1.64 x 10-5  0.709  0.498 
 -5 0.100
 .476  
8 x -5
-5  2.114  0.154 
S
Transplant  1 8.65 x 10   4.833  >  
ite x Transplant 2 1.76 x 10-5  0.758  0S
Error   3 2.32 10   
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Table 5.3: Estimates of the mean growth rate (mm/day) during the 1996/1997 pilot 
experiment and the 1997/1998 experiment. 
 
Date Mean initial length ± Growth rate ± Min. Max. n 
SE 
(mm) 
SE 
(mm/day) 
1996/1997      
Date 1 2 .7 77 0.12 ± 0.0 0.06 2 
Date 2 ± 0.03 0.15 
2 5 ± 0. 2 0. 8 
19.28 ± 1.12  0.08  0.01 15 
Date 3 19.77 ± 0.78 0.004 ± 0.002 -0.002 0.021 11 
Date 4 20.28 ± 0.38 0.003 ± 0.001 -0.02 0.02 45 
1997/1998      
Date 1 22.30 ± 0.21 0.05 ± 0.002  0.0 0.13 149 
Date 2 24.50 ± 0.23 0.01 ± 0.001 -0.004 0.04 66 
Date 3 22.31 ± 0.22 0.03 ± 0.001 0.002 0.07 124 
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Table 5.4: Three-way, mixed-model ANCOVA comparing the growth rates of caged and 
uncaged bivalves at three sites during three Dates. The mean-square of the fixed factor D
was tested over the mean-square of the Date x Site interaction term. The mean-square of t
fixed factor Method was tested over the mean-square of the Site x Method interaction term 
and the mean-square of the Date x Method interaction term was tested over th
ate 
he 
e mean 
quare of the Date x Site x Method interaction term. The mean-square of the remaining 
 me  Leng e covariate. Also 
justed mean wth 
F-ratio P 
Initial Length   1 3.61 x 10-2  151.070 0.000 
Date    2 1.26 x 10-2  179.800 0.000 
Site    2 2.40 x 10-4  1.012  0.365 
Method   1 4.00 x 10-5  0.184  >0.250 
Date x Site   4 7.00 x 10-5  0.294  0.882 
Date x Method  2 2.00 x 10-5  1.324  >0.250 
Site x Method   2 8.00 x 10-5  0.543  0.714 
Date x Site x Method  4 1.50 x 10-4  0.620  0.648  
Error    320 2.40 x 10-4  
 
               Adjusted least squares means (mean growth rates, mm/day) 
           Date 1  > Date 3  > Date 2   
   (180 days growth)     (89 days growth)      (89 days growth)     
mean  0.044   0.030   0.019     
SE  0.001   0.002   0.002  
n  149   124   66 
s
factors were tested over the Error an-square. Initial th was th
shown are the ad  gro rates and the likely differences between means. A 
multiple comparison test was not conducted because the data were unbalanced. 
 
Source of variation  df Mean-Square  
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Table 5.5: Three-way, mixed-model ANCOVA comparing the condition of caged and 
uncaged bivalves monitored at three sites during Dates 2 & 3. F-ratios were constructed as 
for Table 5.3. Log-transformed mass [log10(x)] was the dependent variable and lengt
measured at the end of the experiment were log-transformed [log
hs 
 0.317  0.729 
Date x Method  1 0.002   1.023  >0.250 
Site x Method   2 0.011   3.747  0.026 
Date x Site x Method  2 0.002   0.639  0.529  
Error    173 0.003 
10(x)] to be used as the 
covariate. 
 
Source of variation  df Mean-Square  F-ratio P  
 
Log10(final length)  1 1.567   545.671 0.000 
Date    1 0.000   0.015  >0.250 
Site    2 0.008   2.870  0.059 
Method   1 0.003   0.303  >0.250 
Date x Site   2 0.001  
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Table 5.6: Two-way, mixed-model ANCOVA comparing the growth rates of caged S. alb
at three sites that were handled once and those handled twice. The mean-square for the 
fixed factor Handling was tested over the mean-square of the Site x Handling interaction 
term. The mean-squares of the random factor Site and the Site
a 
 x Handling interaction were 
sted over the Error mean-square. Initial Length was used as the covariate.  
 
Source -ratio P  
 
0.000 
>0.900 
0.592 
0.500  
94 1.08 x 10-4  
te
 of variation  ean-Square  Fdf M
Initial Length   1 8.55 x 10   79.254  
-9
-3
Handling   1 1.00 x 10   0.000   
-5Site    2 5.70 x 10   0.528  
ite x Handling  2 7.54 x 10-5  0.699  S
Error    
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Table 5.7: Two-way, mixed-model ANCOVA comparing the condition of caged S. alba at
three sites that were handled once and those handled twice. F-ratios were constructed as
Table 5.5. Log-transformed mass [log
 
 for 
ource of variation  df Mean-Square  F-ratio P  
length)   33 0 
    0.147
    0.005 .900 
    2.966 56  
  
10(x)] was the dependant variable and lengths 
measured at the end of the experiment were log-transformed [log10(x)] to be used as the 
covariate. 
 
S
 
Log (final 10  1 1.065  3 .897 0.00
Site   2 0.001 8  0.863 
Handling  1 0.000  >0
Site x Handling
Error  
 
 
2 
94 
0.010
0.003
 0.0
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Table 5.8: Fisher’s exact (two tail) tests comparing the number of mortalities of caged S. 
alba subject to different amounts of handling at Sites 1, 2 & 3 at the end of Date 7. Also 
shown is a chi-square test comparing the mortalities of caged S. alba (pooled across sites
subject to different amounts of handling at the end of Date 3. 
 
) 
Frequencies 
s) um  m ies ns
      
di  survived tal 
20  10   0 
10  20   
30  30   
     Site 2 
di  survived tal 
andled once  14  16   
andled twice  13  17   0 
7  33   60 
 
    3 
di  sur otal 
andled once  14  16 0 
e  8  22  
22  38 
 
     Pooled across Sites 
died  survived  Total 
Handled once  48  42   90 
Handled twice  31  59   90 
Total   79   101   180 
  
Fisher exact P = 0.016
Handling (row  by n ber of
Site 1
ortalit (colum ) 
ed  To
Handled once   3
Handled twice    30
Total     60
 
Fisher exact P = 0.019 
 
ed  
 
To
30H  
H  3
Total   2  
  
Fisher exact P = 1.000
  
  Site
ed vived  T
H    3
Handled twic  30 
Total      60 
  
Fisher exact P = 0.180 
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Table 5.9: The percentage recovery of caged and uncaged bivalves during the 1996/199
and 1997/1998 experiments. Data has been pooled across sites. TC = Number o
7 
f cages 
sed, %RC = percentage number of cages recovered, TB = total number of bivalves used, 
ercentage number of bi (living +  = ber 
bivalves recovered alive, %D = percentage number of bivalves recovered dead and %M = 
mber of missing bi
TC %R %A M 
u
%BR = p valves recovered  dead), %A  percentage num
percentage nu valves. 
 
Date C TB %BR %D %
1996/97        
Cage / Date 1 12 83 48 8 
20 100 5 18 
65 48 17  
 55 98 60 29 
107 87 73 55  
e 1 N/A N/A 0 0 0 
    
age / Date 5 90 100 70
88 81 6 
90 89 47 39  
270 92 2 66 25 
e 5 N/A N/A
N/A 1 21 0 9 
Uncaged / Date 7 N/A N/A 42 42 0 58 
ncaged Pooled N/A N/A 720 24 24 0 229 
120 57  44 
Cage / Date 2  200 84 6  17 
Cage / Date 3 20 200 62  35
Cage / Date 4 550 89  11 
Cages Pooled 1070  18 27
Uncaged / Dat  100 0 10
1997/98    
C  90 99  29 1 
Cage / Date 6 90 90 87  13 
Cage /Date 7 90 89  14
Cages Pooled 270 9  9 
Uncaged / Dat  240 39 39 0 61 
Uncaged / Date 6 N/A  240 2
 240 
 7
U
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Table 5.10: The percentage recovery of bivalves used in other studies that have used cages 
ad multiple treatments and dates. 
TB = total number of bivalves used, %A = percentage number bivalves recovered alive, 
 of bivalves recovered dead, %M = percentage number of missing 
to monitor growth rates. Data was pooled for studies that h
%D = percentage number
bivalves. * = effect of enclosing experiment only. 
 
                         Category 
Author of article 
TB %BR % A % D % M Bivalve studied 
This study 1340 82 59 23 18 Soletellina alba 
Peterson & Andre (1980) 206  87   Sanguinolaria nuttallii 
Peterson & Beal (1989) 2902  64 10 26 Mercenaria mercenaria 
Peterson (1982b)       
                               caged 372 57 40 17 43 Protothaca staminea  
                           uncaged 96 68 37 31 32 Protothaca staminea  
Peterson & Black (1988a) 1260  84 to 91 2 to 6 7 to 10 Katelysia scalarina 
 1260  81 to 90 4 to 11 6 to 8 Katelysia rhytiphora 
Peterson & Black (1988b) 80  69   Anomalocardia squamosa 
 80  88   Callista impar 
 80 87 76 
 80  89 
11 13 Circe lenticularis 
  Placamen berryi 
80  81   Placamen gravescens 
eterson & Black (1993)*       
 
a 
 
P
                               caged 80 ≈92 ≈89 ≈3 ≈8 Katelysia scalarina  
                           uncaged 80 ≈95 ≈93 ≈2 ≈5 Katelysia scalarina  
                               caged 80 ≈95 ≈91 ≈4 ≈5 Katelysia rhytiphora  
                           uncaged 80 ≈75 ≈71 ≈3 ≈26 Katelysia rhytiphora  
Palacios et al. (2000) 400  60   Mya arenaria 
Paterson & Nell (1997) 400  81 to 94 6 to 19  Tapes dorsatus 
 400  72 to 99 1 to 28  Katelysia rhytiphora
Irlandi (1997) 
                                 sand 
960 23.3 
 
0.1 23.3 
 
76.7 Mercenaria mercenaria 
      seagrass (small patch) 960 32.9 8.96 24 67.1 Mercenaria mercenari
       seagrass (large patch) 960 42.6 18.2 20.2 57.4  Mercenaria mercenaria 
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Tab
sex  for bivalve molluscs. * = shell height rather than shell length. 
Au
) 
le 5.11: Some examples of the relationship between the maximum size and size of 
ual maturity
 
thor Bivalve species Maximu
m length 
(mm) 
Size at sexual 
maturity (mm
Butler 1987 Pinna bicolor > 400  150   
Ockelman   1.4 
Kautsky 1982 2  
Mc
Bea
Die  1977 Shaerium transversum 16 5.5 
ldridge & McMahon 1978 Corbicula manilensis >36 10 
Transennella tantilla  ≈7 ≈3.5 
 
Cla
Morton 1994 
Wilson & Hodgkin 1967 
us 
n & Muus 1978 Mysella bidentata >3
Mytilus edulis > 30  
Morton 1977 Corbicula fluminea > 20 7 
Grath & O'foighil 1986 Lasaea rubra 3.2 1.2 
uchamp 1986 Lasaea subviridis >3.0 1.7 
tz & Stern
A
Kabat 1985 
Bachelet 1989 Abra tenius > 6.3 4  
Sellmer 1967 Gemma gemma 5 2 
Seed & Brown 1977 Cerastoderma edule 35* 14* 
 Modiolus modiolus >100 35
Harvey & Vincent 1989 Macoma balthica >12 6.5 
Wilson 1997 Tellina tenuis 20 10 
sing et al. 1994 Venus antiqua >70 46 
Leptopecten latiauratus ≈ 30 mm* < 5mm*  
Mytilus edulis 
planulat
10 3 
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apter 6: Response to fluctuations in salinity Ch
The
per
situ -
che g at shallow channel elevations would 
e exposed to low salinities for a greater period of time than those living at deep channel 
otentially arise from stratification, and thus provide an 
direct, in situ test of the importance of salinity. The average physico-chemical conditions 
sam
 
Ma of 1995 (Matthews 1995) 
tak y 
dea
dec  
199
survivorship during the peak discharge event than adults (Matthews 1995). Mills (1996) 
howed that the survivorship of adults increased with increasing channel elevation (i.e. 
s 
 living at the shallowest channel elevations and would decrease 
progressively for bivalves living at deeper channel elevations (e.g. Mr (2.19 m elevation) > Mr 
6.1 Introduction 
 Hopkins estuary is a salt wedge estuary that can become highly stratified during 
iods of low river flow (see Chapter 1 & 3). Stratification of the water column creates a 
ation where bivalves living at different channel elevations experience different physico
mical regimes. It was expected that bivalves livin
b
elevations. The field sampling and transplant experiments were initially designed to exploit 
the different micro-climates that p
in
likely to have been experienced by S. alba at the four channel elevations during the 
pling period were described in Chapter 3.  
ss mortalities were observed during the peak discharge events 
and 1996 (Mills 1996). Mass mortality events are typically recognisable, even without 
ing core samples, by recently dead individuals that are washed up on the shore. Recentl
d individuals have an intact, glossy periostracum and some individuals still have 
aying body tissue attached to their gaping valves (see Fig. 2.9). Core samples taken in
5 revealed that juveniles (0.5 mm mesh <juveniles< 1 mm mesh) exhibited greater 
s
greater water depths).  
 
In the advent of a flood, the following hypotheses were constructed from the observation
described above: 
1)  Across the sampling period, the mortality rates (Mr) of adults will be greater for 
individuals
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(2.69 m elevation) > Mr (3.19 m elevation) > Mr (3.69 m elevation)) due to differing exposures to low 
salinities;  
2)  Across the sampling period, the condition (C, as indicated by individual biomass for a
given length) of individual bivalves was expected to be greatest for those living at deep
channel elevations and would decrease progressively for those living at shallower 
channel elevations (
 
 
e.g. C (2.19 m elevation) < C (2.69 m elevation) < C (3.19 m elevation) < C (3.69 m 
3)  ur 
A t
hyp
channel elevations then it was hypothesised that in the advent of flooding: 
)  the mortality rate of bivalves transplanted from deep to shallow elevations was expected 
s (e.g. 
of individual bivalves was expected to be less for bivalves transplanted 
vation from the 2.19 m channel 
 
sam t the salinity regimes between channel elevations differed 
substantially during the winter months (see Fig. 3.5), but salinities did not fall to the low 
 winter flooding (see Chapter 3). Therefore, the above 
r, the following 
elevation)) due to differing exposures to low salinities; and  
There would be no significant decrease in the abundance of juveniles at any of the fo
channel elevations at sample times immediately prior to and after the onset of winter 
flooding. 
 
ransplant experiment was designed as a more direct test of the winter flooding/salinity 
othesis. If the physiological stress caused by low salinities is greater at the shallower 
1
to be greater than bivalves transplanted from shallow to deep channel elevation
Mr (bivalves transplanted to the 3.19 m elevation from the 2.19 m channel elevations) > Mr (bivalves transplanted to the 2.19 m 
elevation from the 3.19 m channel elevations)); and 
2)  the condition 
from deep to shallow channel elevations than bivalves transplanted from high to 
shallow channel elevations (e.g. C (bivalves transplanted to the 3.19 m ele
elevations) < C (bivalves transplanted to the 2.19 m elevation from the 3.19 m channel elevations)).  
Measurements of salinity taken from the Hopkins bridge during the duration of the 
pling period showed tha
levels expected due to the absence of
hypotheses could not be tested in relation to winter flooding. Howeve
hypotheses regarding the mortality rates and condition of bivalves living at different 
channel elevations were developed despite of the absence of winter flooding, which were: 
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1)  In the absence of winter flooding, the mortality rate of juvenile and adult bivalves 
would not differ between channel elevations during the same period of expected winter 
flooding (e.g. Mr (2.19 m elevation) = Mr (2.69 m elevation) = Mr (3.19 m elevation) = Mr (3.69 m elevation)); 
2)  Due to the differing physico-chemical regimes observed at different channel elevations 
during periods with or without winter flooding, the condition of adult bivalves was still 
expected to be greatest for those living at deep channel elevations and would decrease 
 
 
Sim sence 
of w
 
1)  
ep 
 Mr 
levations)); and 
 
A l
imp
con not 
), 
and
eve
 
progressively for those living at shallower channel elevations (e.g. C (2.19 m elevation) < C
(2.69 m elevation) < C (3.19 m elevation) < C (3.69 m elevation)). 
ilarly, hypotheses were also developed for the transplantation experiment in the ab
inter flooding, which were:  
the mortality rate of bivalves transplanted from deep to shallow elevations was not 
expected to differ from the mortality rate of bivalves transplanted from shallow to de
channel elevations (e.g. Mr (bivalves transplanted to the 3.19 m elevation from the 2.19 m channel elevations) =
(bivalves transplanted to the 2.19 m elevation from the 3.19 m channel e
2)  Due to the differing physico-chemical regimes observed at different channel elevations 
during periods with or without winter flooding, the condition of bivalves transplanted 
from deep to shallow channel elevations was expected to be poorer than for bivalves 
transplanted from high to shallow channel elevations (e.g. C (bivalves transplanted to the 3.19 m 
elevation from the 2.19 m channel elevations) < C (bivalves transplanted to the 2.19 m elevation from the 3.19 m channel 
elevations)).  
aboratory-based salinity tolerance experiment was the third and last test of the 
ortance of salinity. The experiment examined the importance of three salinity 
centrations that were well above those expected during a flood period, but were 
outside the temporal range of values expected in the Hopkins estuary (i.e., 6 ,14, & 27 ppt
 a salinity concentration similar to the lowest value expected during a peak discharge 
nt (1 ppt). 
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Ma
sali
1)  
 treatments and that 
2)  
3)  r 
ition of 
bivalves would not differ between the latter treatments (i.e. C(1ppt) < C(6ppt) = C(14ppt) = 
ty 
l elevations 
during a period when winter flooding is typically expected; 
ifferent 
tes 1 
ss mortalities were not observed during the non-flood years of 1997 and 1998 when 
nity concentrations had not fallen below 4ppt. Therefore, it was hypothesised that: 
The number of mortalities (Mn) for bivalves exposed to the 1 ppt treatment would be 
significantly greater than bivalves exposed to the 6, 14, and 27 ppt
mortalities would not differ between the latter treatments (i.e. Mn (1ppt) > Mn (6ppt) = Mn 
(14ppt) = Mn (27ppt));   
The burrowing times (Bt) for bivalves exposed to the 1 ppt treatment would be 
significantly less than bivalves exposed to the 6, 14, and 27 ppt treatments and that 
burrowing times would not differ between the latter treatments (i.e. Bt(1ppt) < Bt(6ppt) = 
Bt(14ppt) = Bt(27ppt)); and 
The condition of bivalves exposed to the 1 ppt treatment would be significantly poore
than for bivalves exposed to the 6, 14, and 27 ppt treatments and that the cond
C(27ppt)). 
 
The overall objective of this chapter is to examine both sublethal (as indicated by 
burrowing times & condition) and lethal (as indicated by mortality rates) effects of salini
using a combination of laboratory-based and field experiments. The specific aims of this 
chapter were to: 
1)  monitor the abundance and condition of bivalves sampled at four channe
2)  examine the survival and condition of adult bivalves transplanted between two channel 
elevations during a period when winter flooding is typically expected; and 
3)  examine the tolerance, burrowing behaviour & condition of adults exposed to d
salinity concentrations. 
6.2 Methods 
6.2.1 Abundance and condition in relation to channel elevation 
Bivalves were sampled from four channel elevations along three transects at Site 3 during 
20/05/98, 4/08/98, 4/11/98 and 09/02/99. Hereafter, these dates will be referred as Da
to 4, respectively. The four sampling times coincided with a La Nina event during 1998 & 
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1999. Rainfall for the period between 1998 and 1999 was well below average despite of the
presence of the La Nina event. Thus, peak discharge patterns for these two years were well 
below the long-term average (see Chapter 3) and the anticipated peak discharge event 
not eventuate. Therefore, the hydrological status of the estuary at the time of the sampling 
compared with what was expected for that time of year was: 
 
did 
 
parate occasions during this period, on two 
occasions the mouth was artificially breached (14/01/98 and 17/4/98) and it opened 
 bivalves < 1 mm) were seldom 
sampled in cores collected during this period;   
 was 
ficant 
ter can be 
r 
llow 
and 1998 
to 
hen the peak discharge event has subsided and a new salt 
 
 
1. Date 1. Discharge at this time was below that expected and the likelihood of mouth
closure was high. The mouth of the estuary had been closed for 126 of the 140 days 
between 1/01/98 and the time of sampling on 20/05/98 (see Chapter 3, Fig. 3.1). The 
estuary mouth had opened on three se
naturally on 17/05/98. Sampling was planned to coincide with a period prior to the 
annual peak discharge event when recruits were expected to be plentiful and mortality 
rates of adults negligible (eg. recently dead and decaying bivalves are not present in 
core samples). Unexpectedly, recent recruits (0.5 >
2. Date 2. The estuary mouth remained closed for 33 of the 77 days between 20/05/98 and 
4/08/98 (see Fig. 3.1). Closure of the river mouth at this time of year is unusual and
unexpected. River discharge was still well below the long-term average and signi
changes expected for salinity and turbidity did not occur. For example, salt wa
completely flushed out of the estuary during a peak discharge event (salinity throughout 
the water column drops to below 2 ppt, Rouse 1998) and the water becomes very turbid 
(a brown clay colour). However, salinity measured between 3/7/98 and 3/11/98 neve
fell below 4.5 ppt (see Fig. 3.5) and turbidity never rose above 22 NTU even at sha
(2.00 m) channel elevations. The absence of peak discharge events in 1997 
was also accompanied by an absence of mass mortality events for these years;  
3. Date 3. River discharge was still well below the long-term average but was sufficient 
enough to prevent long periods of mouth closure between 4/08/98 and 4/11/98 (i.e. it 
was open for 86 of 93 days, see Fig. 3.1). Samples taken on the 4/11/98 were planned 
coincide with a period w
wedge is beginning to penetrate into the estuary (Rouse 1998). The full extent of any
 
 221
mass mortality events during an episode of peak discharge should be evident at this 
time. Past observations (Matthews 1995; Mills 1996) revealed that the number of 
few 
 likely to be sampled; and 
/98 
planned to coincide with a time when juveniles (i.e. 0.5 mm mesh < bivalves < 1 mm 
ay 
dult 
population. Any bivalves present in core section 1 are likely to be recent recruits but 
 the past flood event.  
 
 
 
ore sampling and processing was the same as described in Chapter 2 with one exception. 
t 
 
arine 
recently dead and decaying individuals begin to decline at this time and that very 
survivors (except juvenile bivalves) are
4. Date 4. The mouth of the estuary was closed for 61 of the 98 days between the 4/11
and the 9/02/99 and was closed on the day of sampling (see Fig. 3.1). Sampling was 
mesh) that had survived the peak discharge event may have grown to 10 to 20 mm in 
length. Therefore, it was hypothesised that the number of bivalves in core section 2 m
increase between November and February due to the growth of juveniles into the a
may also consist of some slow-growing juveniles from
 
Samples were taken from three transects running perpendicular to the shore. Each transect
was separated by 6 m and four channel elevations were sampled along the length of each 
transect. Six replicate haphazard cores were taken from each of the four channel elevations 
during each Date (total number of samples across Dates 1 to 4 = 288). The four channel 
elevations were separated by water depth intervals of 50 cm and were situated at 2.19, 2.69,
3.19 and 3.69 m below a reference marker on the Hopkins Point Road bridge (see Chapter
2, Fig. 2.3 for a description of the position of the four channel elevations).  
 
C
On each Date, all animals sampled in core section 1 (0 to 50 mm deep section) were kep
alive and not preserved in alcohol until they had been sorted and counted under a 
microscope. This design was adopted in anticipation of a peak discharge event so that the 
mortality rate of juveniles, which could not be counted accurately without a microscope, 
could also be estimated and compared with the mortality rate of the adults. Section 1 of 
each core was sieved through a 0.5 mm mesh and the contents were kept in individual jars
covered by a 0.5 mm mesh lid (75 ml jars, n = 18 per channel elevation). The eighteen 
samples taken from each elevation were then placed into separate buckets containing 
estuarine water collected from the same channel elevation as the sample group. Estu
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water from each of the four channel elevations was collected with a bilge pump and stored 
in four separate 20 litre buckets. The water in each bucket was aerated and held at the same 
mperature as the water in the estuary at the time of sampling. The mesh lid allowed 
 
 bivalve abundance and core depth was also examined in the 
ame manner as described in Chapter 4.  
 
m 50 
aged bivalves at two channel elevations 
ortality, condition and growth of bivalves transplanted between the 2.19 and 3.69 m 
o that 
as 
ge and cage type (cylindrical cages, 50 mm PVC piping, 120 mm high) and 
eployment was the same as described in Chapter 2. The experiment consisted of two 
ing 
f 
(control for handling = C1); 
te
aerated water to percolate into each jar without permitting living bivalves (larger than the
0.5 mm mesh) to migrate between jars held in the same 20 litre bucket.  
 
Core lengths varied between samples due to the varying depth of the anoxic layer and 
because of rocks (bedrock and boulders > diameter of corer) impeding penetration of the 
corer. The relationship between
s
 
Length (mm) and condition (as indicated by biomass for length (g)) measurements of every
entire individual were recorded for adult bivalves only (section 2 of each core; i.e. fro
mm deep to maximum depth) after samples were counted and sorted. The method used to 
record length and biomass is described in Chapter 2. 
6.2.2 Growth, condition & mortality of c
M
channel elevations at Site 3 were monitored between 8/7/98 and 5/11/98 (121 days). 
Twelve small cages were used per treatment and twelve haphazard core samples 
(background cores) were taken from the ambient sediment at each channel elevation s
the mass of uncaged bivalves could be compared with those kept in cages. One bivalve w
used per ca
d
factors: Channel elevation (2 levels, 2.19 and 3.69 m channel elevations); and 
Transplantation . The number of levels within the factor Transplantation differed depend
on the dependant variable being tested. Three levels were used for comparisons of growth 
increments (C1, C2 & TP, see below) and four treatments were used for comparisons o
biomass (C1, C2, TP and BC). The Transplantation treatments at each Channel elevation 
consisted of the following: 
1)  Bivalve removed, measured, added to cage and replaced to the exact point of origin 
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2)  Bivalve removed, measured, added to cage and moved horizontally to another po
along the
sition 
 same channel elevation (Control for handling and movement = C2);  
)  Bivalve removed, measured, added to cage and transplanted to the other channel 
 = BC, used for comparisons of mass only).  
 
m) and condition (as indicated by biomass for length (g)) were 
e nt. The length and 
ible due to the limited number of recruits that were available 
 the estuary during those years. Nonetheless, the salinity tolerances of S. alba of any size 
tions 
, 
ed 
from 
ere 
greater than those expected during the peak discharge event, with 
n 
discharge event when mass mortality events were observed during 1995 (Rouse 1998) and 
3
elevation (Transplantation = TP); and 
4)  Core sample taken from ambient sediments at each channel elevation within close 
proximity to the cages (Background core
Measurements of length (m
record d for all bivalves recovered in cages at the end of the experime
biomass of individuals were measured in the same manner as described in Chapter 2. 
6.2.3 Salinity tolerance experiment 
A previous study (Matthews 1995) provided evidence that juveniles (0.5 mm mesh < 
bivalves < 1 mm mesh) exhibited greater survivorship during peak discharge events than 
adults. It was hypothesised that juveniles had a greater tolerance to changes in the physico-
chemical environment (particularly salinity) than adults. An attempt to test this hypothesis 
during 1997/1998 was not poss
in
were yet to be investigated, so an experiment was conducted under laboratory condi
between 13/10/98 and 3/11/98 using bivalves with a shell length ranging from 21 to 30 
mm.  
 
The lab was maintained at a constant temperature (12 oC) that mimicked the minimum 
temperature of the estuary during a peak discharge event. Four treatments consisting of 1
6, 14 and 27 ppt salinities were used during the experiment. The 27 ppt treatment was us
as the control salinity since this was the salinity of the water in the area of the estuary 
which, the bivalves were collected for the experiment. The 6 and 14 ppt treatments w
chosen as values much 
the former being similar to the lowest salinity recorded during the study period other tha
1996 when the last mass mortality event was observed. The 1ppt treatment was chosen 
because it is similar to the minimum salinity expected in the estuary during a peak 
 
 224
1996 (Fig. 3.7). A significant number of mortalities were expected at the 1 ppt salinity but 
not the three higher salinities. 
 
All bivalves were kept in jars at the control salinity (27 ppt) for 1 week before salinities 
were altered. Where possible, all water used in the experiment was taken from the estuary 
in an attempt to mimic estuarine conditions as much as possible. Rainwater stored in a larg
outdoor concrete tank had to be u
e 
sed for the lowest salinity treatment (1 ppt) since salinities 
elow 3 ppt were not present in the estuary nor in the river above the upper tidal limit at 
 of jar = 
100 mm). One bivalve was added to each jar, which was half filled with sand so that each 
ainder of the jar was topped up with 
ept 
 
rs containing 27 ppt 
nd allowed to acclimatise to this salinity for 9 days. On the 21/10/98 each bivalve was 
s 
ing times (secs) were again 
b
Tooram Stones (unpub. data). 
 
Ten replicate 1 litre jars were used for each salinity treatment (n = 40 jars, height
bivalve had the opportunity to burrow. The rem
estuarine water and continuously aerated. Each jar was sealed with a lid containing a small 
hole that allowed an air hose to pass into the jar. The lids minimised evaporation and k
salinities constant during the duration of the experiment (measured each day with an optical 
refractometer).  
 
Jars were placed on a table directly below a fluorescent light that was set to a timer that 
mimicked daylight hours for that time of the year (a 13:11 hr day/night cycle). Jars were
randomly arranged and moved to different positions every second day to reduce any 
variation in light that might have been experienced by different jars depending on their 
position.  
 
The experiment began on 13/10/98 and all bivalves were placed into ja
a
forced to the top of the sand by gently swirling the jar. This method ensured that bivalve
were not subjected to handling during the entire duration of the experiment. The time 
(seconds) it took for the bivalve to begin burrowing was then recorded. Once the bivalve 
had burrowed beneath the sand all of the water was gently decanted from each jar and the 
water was replaced with the new salinity treatment. The burrow
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recorded 8 days (28/10/98) and 14 days (3/11/98) after exposure to the new salinity 
treatments.  
ion analysis was used to test for the existence of a significant association between 
random while the factors Date (four levels) 
nd Channel elevation (four levels) were considered fixed (see Chapter 2). A three-way 
 and mass of individual bivalves transplanted between two channel 
levations at Site 3 were compared using a two-way ANCOVA. Initial length was used as 
 
Measurements of length (mm) and condition (as indicated by biomass for length (g)) were 
recorded for every individual, including dead individuals, at the end of the experiment in 
the same manner as described in Chapter 2. 
6.3 Data Analyses 
6.3.1 Abundance and condition in relation to channel elevation 
A regress
the total core length and abundance of juveniles (counted in section 1 of the core) and 
adults (counted in section 2). The number of significant results for separate regression 
analyses using each Date x Transect combination were very low (0% for juveniles and 17% 
for adults, n = 12 each). Therefore, regression analyses testing for the relationship between 
core depth and the abundance of both juvenile and adults were conducted using pooled data 
across all transects and dates.  
 
The abundances of sampled on four dates from four channel elevations along three 
transects were analysed using a three-way mixed-model ANOVA. The factor Transect 
consisted of three levels and was considered 
a
mixed-model ANCOVA was used to compare condition between Channel elevations (using 
adults only, core section 2, i.e. from 50 mm deep to maximum depth). The factors Date, 
Transect and Channel elevation were the same as described above and shell length was 
used as the covariate. All abundance [log10(x+1)], biomass [log10(x)] and length data 
[log10(x)] were log-transformed to meet the assumptions of ANOVA & ANCOVA 
analyses, respectively. 
6.3.2 Growth, condition & mortality of caged bivalves at two channel elevations 
The growth increment
e
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the covariate when comparing growth increments and the length measured at the end of
experiment was used as the covariate for comparisons of mass. The factor Channel 
elevation consisted of two levels (2.19 and 3.69 m) and the factor Transplantation at each 
channel elevation consisted of three levels for comparisons of growth increment (C1
and TP), and four levels for comparisons of mass (C1, C2, TP & BC) . Both factors were 
considered fixed and all data were log-transformed [log
 the 
, C2 
 
ssociation analysis using Fisher’s exact test (2 x 2 table) and Pearson’s Chi-square (r x c, 
ed 
and 
ents. 
r as 
th and without peak discharge 
vents (see above). Hence, the factor Salinity was considered fixed. Tests for sphericity (F-
alue 
 
, 
log-transformed [log10(x)] to meet 
the assumptions of ANCOVA. Length measurements recorded at the end of the experiment 
were also log-transformed [log10(x)] and used as the covariate. 
10 (x)] to meet the assumptions of
ANCOVA as described above.  
 
A
unordered table) were used to compare the percentage number of mortalities between 
Transplantation treatments and Channel elevations at the end of the experiment. 
6.3.3 Salinity tolerance experiment 
The burrowing times (seconds) of bivalves exposed to different salinities were analys
using an unevenly spaced, repeated measures ANOVA with a single grouping factor. 
Burrowing times were recorded 9 days after they were acclimatised at 27 ppt (Time 1), 
then 8 days (Time 2) and 14 days (Time 3) after exposure to the new salinity treatm
There was 100% mortality of bivalves in the 1ppt salinity treatment after Time 2. 
Therefore, the factor Salinity consisted of three levels (6, 14 and 27 ppt) instead of fou
initially planned. Salinity treatments were specifically chosen to represent the range of 
salinities expected during July and September for years wi
e
max test) and compound symmetry (comparison of Huynh-Feldt P-values with the P-v
of the F-statistic) were non-significant and all data were log-transformed [log10(x)] to meet
the normality and homogeneity of variance assumptions of ANOVA. 
 
The measurements of biomass recorded at the end of the experiment for all individuals 
were compared using a one-way ANCOVA. The factor Salinity consisted of four levels (1
6, 14 and 27 ppt) and both biomass and length data were 
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6.4 Results 
6.4.1 Abundance and condition in relation to channel elevation 
Very few juveniles were collected in the transect samples, with only 40 collected from the 
288 samples (6% of total number of bivalves sampled, mean = 0.14, S.E. = 0.03, r
to 3 per core ). More than half (53%) of these were collected during Date 1 and over 32% 
were collected on Date 4
ange = 0 
. Only 12% of the total cores contained at least one juvenile. 
dults were substantially more common in core samples than juveniles with 664 
, 
 
lt (n = 4) data. The P-
value for any analyses with data containing numerous outlying values should be treated 
n et al. 1996). However, the regression analyses 
mited due to 
resence of numerous zero values and outliers present in these data. For example, an initial 
ct 
A
individuals being sampled from the 288 cores (mean = 2.31, S.E. = 0.08, range = 0 to 6 per 
core ). More than 88% of cores contained at least 1 adult bivalve. 
 
The average length of each core sample was 39.15 cm (pooled across all samples, n = 288
SE = 0.17, range = 30 to 40 cm). There were numerous outliers for the regression analyses
of core length x abundance for both the juvenile (n = 10) and adu
with caution (Underwood 1981; Wilkinso
for both the juvenile (r < 0.100, F = 0.533, P = 0.466) and adult data (r < 0.100, F = 2.902, 
P = 0.090) were both non-significant (Figs. 6.1 & 6.2). This result, together with the results 
of the abundance x core length data presented in Chapter 4, suggests that there is little 
evidence for a significant association between sediment depth and the measured abundance 
of S. alba. 
 
Conclusions that could be drawn from patterns of juvenile abundance were li
p
analysis revealed that the number of juveniles was not influenced by the factor Transect but 
there was a highly significant Date x Channel elevation interaction (Fig. 6.3, Table 6.1). 
However, more than one outlier was present in these data (n = 3) and a subsequent analysis 
showed that these outliers had a significant effect on the outcome, with the Date x Transe
x Channel elevation interaction becoming highly significant after their removal (df = 18, F 
= 3.024, P = 0.000).  
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Multiple comparison is not recommended for ANOVA models consisting of fixed and 
random factors (Underwood 1997), so apparent trends in the abundance of the few juvenil
bivalves sampled were described upon visual inspection of Figure 6.3. The most noticeable 
feature of Figure 6.3 was the greater abundance of juveniles at the deepest Channe
elevation (3.69 m) during Date 1. As mentioned above, there was a decreasing trend in 
abundances across the sampling period until Date 4, when juveniles, which were 
completely absent from the shallowest channel elevation from Dates 1 to 3, increased 
slightly on Date 4 (Fig. 6.3).   
 
e 
l 
dults also varied differently between channel elevations depending on the date they were 
 
g 
e 
t and deepest channel 
elevations were similar to each other during Dates 3 & 4, which both appeared to differ 
 2, which appeared to 
A
sampled (Table 6.2, Fig. 6.4 & 6.5). Like the patterns of juvenile abundance, there was an
apparent trend of decreasing adult abundance from the beginning to the end of the samplin
period at all channel elevations (Figs. 6.4 & 6.5). Most of the variation appeared to be 
attributable to changes that occurred at the shallowest (2.19 m) and deepest (3.19 m) 
channel elevations after Date 1. There were no apparent differences across any of th
channel elevations during Date 1, nor between the 2.69 and 3.19 m channel elevations 
across all four sample dates (Figs. 6.4 & 6.5). The shallowes
from the 2.69 and 3.19 m channel elevations. The other noticeable difference was the 
decrease in abundance at the shallowest channel elevation during Date
differ from all three channel elevations (Figs. 6.4 & 6.5).  
 
The condition of S. alba was significantly influenced by channel elevation and by the 
covariate length (Fig. 6.6, Table 6.3). A multiple comparison (such as SNK) of individual 
means was not appropriate since these data were unbalanced (Table 6.3, Fig. 6.6). The 
adjusted means and standard errors suggest that bivalves at the 2.19 m channel elevation 
had poorer condition than those living at the other three deeper channel elevations. The 
large shift on the x-axis from approximately 1.15 to greater than 1.35 suggests that there 
was significant growth between Dates 3 & 4 (Fig. 6.6).  
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6.4.2 Growth, condition & mortality of caged bivalves at two channel elevations 
The Transplantation experiment provided little evidence that growth differed between 
channel elevations. The growth increments of transplanted and non-transplanted bivalves 
were not significantly different at either of the shallow (2.19 m) or deep (2.69 m) channel 
elevations (Fig. 6.7, Table 6.4). Initial length was the only factor (covariate) that 
significantly influenced growth increments of S. alba transplanted between the two channel
elevations (Table 6.4).  
 
A similar response was found for the comparison of condition and mortality of transplan
bivalves. Length had a significant influence on the condition of transplanted and non
transplanted bivalves (Table 6.5) but the factors Transplant and Channel elevation, 
including the interaction term, were non-significant (Fig. 6.8, Table 6.5). In addition, the 
number of mortalities did not differ between treatments (Table 6.6, Pearson’s chi-square) 
nor between channel elevations (Table 6.7, Fisher’s exact test). 
6.4.3 Salinity tolerance experiment 
The burrowing times recorded at the end of the 9 day acclimatisation period (Time 1) were 
very similar for all but one of the 40 bivalves used during the sali
 
ted 
-
nity tolerance experiment 
ig. 6.9). The slowest burrowing individual (an outlier) required 2,302 seconds to burrow, 
n 
 
r  
e 
 were 
ll 
 
(F
which differed greatly from the average burrowing time of the remaining 39 bivalves (mea
= 80.5, SE = 7.4, range = 40 to 266 s). Burrowing times did not differ significantly across
the four treatments after the 9 day acclimatisation period with (df = 3, F = 1.055, P = 
0.380) or without (df = 3, F = 0.701, P = 0.558) the inclusion of the outlier.  
 
The two lowest salinity treatments, 1 and 6ppt, had a significant influence on the behaviou
and condition of S. alba (Figs. 6.9 & 6.10, Tables 6.8 & 6.9). All bivalves exposed to th
1ppt treatment had died before the end of the first 8 days of exposure (Time 2). There
no mortalities for bivalves exposed to the three remaining salinity treatments, but not a
bivalves managed to reburrow in the 6ppt treatment after 8 or 14 days of exposure (Times 2 
& 3, respectively). Those bivalves that did reburrow responded to the salinity treatments
differently depending on the duration of the experiment (significant Time x Salinity 
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interaction, Table 6.8) and changes in burrowing times over time were best described b
curvilinear rather than a linear trend (highly significant Time and Time x Salinity facto
for the 2
y a 
rs 
son comparing each of 
the treatment means was not possible due to the unbalanced nature of the data, so 
 and 
er 
y interaction.  
 had 
t and 
 to the 14 and 27ppt 
 and condition was also significantly influenced 
 
nd order polynomial, Table 6.8). A formal multiple compari
explanations for the significant Time x Salinity interaction were interpreted from Fig. 6.9 
only. Bivalves exposed to the 6ppt salinity treatment took more time to burrow after 8
14 days exposure than the 14 and 27 ppt treatments while the burrowing times of the latt
two did not appear to differ. This suggests that the bivalves exposed to the 6 ppt salinity at 
both Times 2 & 3 are likely to be responsible for the significant Time x Salinit
 
There was a significant effect of salinity on the condition of S. alba exposed to different 
salinities (Fig. 6.10, Table 6.9) As expected, the bivalves exposed to the 1ppt salinity
died, and showed the poorest condition. The condition of bivalves exposed to the 1pp
6ppt treatments were significantly different from each other as well as from the remaining 
two treatments (Table 6.9). The condition of bivalves exposed
treatments were not significantly different
by the length (covariate) of individual bivalves (Table 6.9). 
6.5 Discussion  
6.2.1 Abundance and condition in relation to channel elevation 
The position of the anoxic layer, bedrock, buried wood, other decaying vegetation, and 
loose rocks can potentially reduce the amount of suitable habitat available to S.alba by 
restricting the depth to which they burrow. Competition for space is not, however, a 
common feature in soft-sediment environments (Peterson 1979, 1991, 1992; Peterson & 
Andre 1980; Wilson 1991; Olaffson et al. 1994) and so was not formally tested during this 
study. However, the insignificant trend between abundance and increasing sediment depth 
(up to their maximum burrowing depth) suggests that competition for space between 
individual S. alba is unlikely in the Hopkins estuary because they can occupy a wide range
of three-dimensional densities.  
 
 
 231
Increasing sediment depth did not appear to influence measured abundances, but ther
a general trend for different size classes to be partitioned with increasing sediment depth. 
Juveniles are much more common in the upper 50 mm of sediment while adults tend to be 
e was 
 
ith 
 the 
 
d 
ading & McGrorty 
978; Zwarts 1986; Zwarts & Wanink 1989) and living deeper in the sediments should 
ater 
ing 
ons. 
 a 
 although similar 
atterns of abundance were also described during the previous year (see Chapter 4, i.e. 
le to 
ed 
but 
situated at sediment depths greater than 50 mm (see Chapter 4). The limited sediment depth 
inhabited by juveniles is most likely to be a function of siphon size (Reading & McGrorty
1978; Blundon & Kennedy 1982; Hines & Comtois 1985; Zwarts 1986; Zwarts & Wanink 
1989; de Goeij & Luttikhuizen 1998) although burrowing ability may also vary w
bivalve size (McLachlan et al. 1995). It may be advantageous for juveniles to inhabit
unstable, surficial sediments to facilitate passive post-settlement dispersal (Emerson &
Grant 1991; Commito et al. 1995a,b; Legendre et al. 1997; Turner et al. 1997). The 
relationship between shell length and the length of siphons has not been examined and 
would require great care in measurement due to the fragile nature of the siphons. Increase
sediment depths are likely to provide a greater refuge from predation (Re
1
provide as a buffer against physico-chemical fluctuations that occur in the overlying w
column (Sanders et al. 1965). Escape responses were commonly observed during the 
removal of cores with bivalves frantically burrowing deeper into the sediments, continu
even after the bivalve had reached the anoxic layer (pers. obs.).  
 
At the beginning of this study, abundances sampled at the deeper channel elevations was 
expected to be consistently greater than abundances at the shallower channel elevati
Furthermore, abundances were not expected to decline significantly without the onset of
flood (Chapter 1). However, the results of this study show that this was not the case. 
Unfortunately, there was an insufficient number of juveniles collected in the transect 
samples to make confident assertions about their patterns of abundance,
p
highly variable across Dates and Channel elevations). The two intermediate channel 
elevations exhibited the greatest and most consistent abundance of adults. Declines in 
abundance at the shallowest and deepest channel elevations after Date 1 were attributab
the complete disappearance of bivalves, rather than the occurrence of recently deceas
bivalves (see also Chapter 4). Therefore, the cause(s) of these declines remain unknown 
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were probably similar to those hypothesised in Chapter 4 (e.g. losses due to predation 
and/or post-settlement emigration in response to unfavourable changes in the physico-
chemical environment, principally salinity and dissolved oxygen.). 
6.3.2 Growth, condition & mortality of caged bivalves at two channel elevations 
The Transplantation experiment failed to detect any significant influence of channel 
elevation on the growth increment, condition or mortality of adult bivalves transplanted 
between the two channel elevations. It was not surprising that significant differences were 
not detected in growth increments because growth was negligible during late 
autumn/winter, so numerous samples would be required to detect any small differences 
between channel elevations during this time. Similarly, mortalities were not expected to 
differ between channel elevations since the anticipated flood did not eventuate. The 
condition of bivalves used in the Transplantation experiment did not differ between 
Channel elevations. This was surprising given the results of the transect samples, where the 
condition of bivalves did differ between Channel elevations.  
6.2.3 Salinity tolerance experiment 
The salinity tolerance experiment demonstrated that changes in salinity influenced 
condition and behaviour. Mortalities were evident at very low salinities (1 ppt) and bivalves 
appeared sluggish and took longer to burrow at the 6 ppt treatment than the 14 and 26 ppt 
treatments. The influence of salinity was further exemplified by the poor condition of 
bivalves (as indicated by smaller biomass for length) exposed to the 6 ppt in comparison to 
the 14 and 26 ppt treatments, which did not differ significantly. Periods of low salinity (< 6 
ppt) would appear to greatly reduce the bivalve’s ability to escape from predation via 
burrowing during periods when they have been removed from the sand by water currents, 
wave action, bioturbation and/or bait collectors. The time it took for each bivalve to burrow 
into the sand (burrowing time) was decreasing as the number of days after exposure to the 
new salinity increased (Times 1 through 3), hence the highly significant second order 
polynomial test. This was particularly evident for bivalves exposed to the 6 ppt treatment 
and suggests that the bivalves may have been slowly adjusting (acclimatising further) to the 
new salinities.  
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The condition of bivalves measured during the transect samples, the transplantation 
experiment and the salinity tolerance experiment were compared by plotting the 
relationship between condition and salinity for each of the three experiments (Fig. 6.11).  
Bivalves used during the salinity tolerance experiment were exposed to each of the salinity 
treatments for only a short period (approximately six to seven days) so the salinities used 
for the relationship between condition and salinity for the two in situ experiments (i.e., the 
transplantation experiment and transect samples) consisted of the mean salinity 
concentrations recorded in the estuary approximately two weeks prior to each of the 
transect samples and the transplantation experiment. For example, physico-chemical 
measurements taken on the 5/5/98 and 19/5/98 (at each of the relevant channel elevations) 
were pooled and used as the mean salinities prior to Date 1 of the transect sampling, and so 
on for each transect sample date. The salinity data was presented in the same manner as 
described in Chapter 3 (i.e. pooled across channel elevations and date).  
 
unexpected, and may have been attributable to a cage artefact, or because of the absence of 
handling for those bivalves collected during the transect sampling, or because of a 
combination of the two. Secondly, the condition of bivalves used during the laboratory-
based experiment were much poorer than the bivalves collected during both in situ 
experiments (Fig. 6.11). The bivalves were not fed in the laboratory during the salinity 
tolerance experiment, which may have led to the bivalves becoming stressed, and hence, 
their poor condition. This highlights the potential difficulty in trying to maintain laboratory 
environments that are completely representative of the natural system.  
 
This comparison of condition and salinity also suggests that salinity alone is unlikely to be 
the single most important factor governing the mortality of S.alba during flood events. The 
condition of bivalves collected during the transect sampling differed between channel 
elevations despite salinities being similar on at least two sample dates (Fig. 6.11). A 
complex interaction of factors, possibly involving salinity, temperature and turbidity, is 
This salinity-condition relationship is shown in Figure 6.11, which suggests that this 
relationship differed between all three experiments. Firstly, the differences in the condition 
of bivalves exposed to similar salinity regimes during the two in situ experiments was 
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probably more important than just salinity alone. This model is possibly complicated by the 
rates and frequency of these water-quality changes (Sanders et al. 1965). Testing these 
hypotheses could involve orthogonal experimental designs that could be used to test for 
interactions between these factors. The types of orthogonal experiments that may be 
possible, as well as their importance are discussed further in Chapter 7 
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Figure 6.1: Plot of the log-transformed abundance [log10(x + 1)] of juveniles against core 
depth. Also shown is a LOWESS curve showing a lack of trend (axes have been indented to 
move the LOWESS curve above the x-axis, n = 288, r = < 0.001, F = 0.533, P = 0.466).  
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Figure 6.2: Plot of the log-transformed abundance [log10(x + 1)] of adults against core 
depth. Also shown is a LOWESS curve, which indicates increasing abundance with 
increasing core lengths. A regression analysis showed this trend to be insignificant (n = 
288, r = 0.007, F = 2.902, P = 0.090). 
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Figure 6.3: Plot of the log-transformed abundance [log10(x + 1)] of juveniles sampled fro
four channel elevations along three transects at Site 3 in May, August, November 1998 and 
February 1999. Bars represent standard errors. (n = 6) 
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Figure 6.4: Plot of the log-transformed abundance [log10(x + 1)] of adults sampled from 
four channel elevations along three transects at Site 3 in May, August, November 1998 and 
February 1999. Bars represent standard errors. (n = 6) 
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Figure 6.5: Plot of means for the significant Date x Channel elevation interaction for adult 
bivalves. Data were log-transformed [log10(x + 1)] to meet the assumptions of ANOVA. (n 
= 18) 
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Fig 6.6: Plot of log-transformed biomass [log10(x)] against log-transformed lengths 
rom 9 
/02/99, 2.19 m channel elevation) to 50 (20/05/98, 3.69 m channel elevation). 
 
     
[log10(x)] for bivalves sampled from four channel elevations along three transects from Site 
3 during May, August and November 1998 and February 1999 (data across transects was 
pooled since none of the terms including transect were significant). n ranged f
(9
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Figure 6.7: Plot of log-transformed growth increment [log10(x)] against initial length (mm) 
for caged bivalves transplanted between two channel elevations at site 3 during the 8/7/98 
nd 5/11/98 (121 days). The transplantation treatments are described in text. 
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Figure 6.8: Plot of the log-transformed mass [log10(x)] against the log-transformed length 
[log10(x)] for caged bivalves transplanted between two channel elevations at Site 3 betwe
the 8/7/98 and 5/11/98 (121 days).  
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Figure 6.9: Plot of burrowing times against salinity for bivalves used during a laboratory 
 salinity treatments and nd = 
no data due to mortality of bivalves (see text). Error bars = SE. 
       Salinity 
     
experiment between the 13/10/98 and 3/11/98. Time 1 = 9 days after bivalves had been 
acclimatised to the 27 ppt salinity treatment, Time 2 = 8 days after exposure to the new 
salinity treatments, Time 3 = 14 days after exposure to the new
1 ppt
6 ppt
14 ppt
27 ppt
 
 
 252
 
0
100
200
300
400
500
600
700
800
900
Time 1 Time 2 Time 3
Repeated measurements of burrowing times
B
ur
ro
w
in
g 
tim
e 
(s
ec
s)
nd nd
 
 
 253
Figure 6.10: Plot of the log-transformed mass [log10(x)] against the log-transformed length
[log
 
atory 
/10/98 and the 3/11/98.  
    
10(x)] for bivalves exposed to four different salinity treatments during a labor
experiment conducted between the 13
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Figure 6.11: Plot showing the relationship between bivalve condition and salinities 
ppro atel  w iod. D  4 of 
e transect sampling was not shown due to a lack of water quality data prior to this date. 
    
measured in the estuary a xim y two eeks prior to each sampling per ate
th
Error bars = SE, (n ranged from 6 to 34 for salinity and 11 to 50 for condition).  
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Table 6.1: Three-way mixed-model ANOVA comparing the log-transformed abundance
[log
 
cts at Site 
 during May, August, November, 1998 and February 1999. The mean-square of the fixed 
er the mean-square nsect he 
e fix d fact  Chan lev s teste  over ele x 
 mean-square of the Date ct x C nnel  intera
the a
ource of variation     df Mean-Square  F-ratio P  
76 71  >0.050 
9  0.961 
  >0.010 
  0.111 
.055   <0.005 
Transect x Channel elevation    6 0.012   1.208  0.303 
Date x Transect x Channel elevation   18 0.013   1.362  0.151 
Error       240 0.010 
 
10(x +1)] of juveniles sampled from four channel elevations along three transe
3
factor Date was tested ov of the Date x Tra  interaction term, t
mean-square of th e or nel e ation wa d the Channel vation 
Transect interaction term, and the mean-square of the Date x Channel elevation interaction 
was tested over the x Transe ha elevation ction 
term. The mean-square of  random factor Transect, and the rem ining interaction terms 
were tested over the Error mean-square.  
 
S
 
Date       3 0.0   4.4
Transect      2 0.000   0.03
Channel elevation     3 0.032   2.666
Date x Transect     6 0.017   1.747
Date x Channel elevation    9 0   4.230
 
 258
Table 6.2: Three-way mixed-model ANOVA and SNK procedure comparing the log-
transformed abundance [log10(x +1)] of adults sampled from four channel elevations along 
three transects at Site 3 during May, August, November, 1998 and February 1999. F-ratios 
able .  
 0.539  0.584 
hannel elevation     3 0.794   22.685  <0.003 
Date x Transect     6 0.022   0.792  0.577 
Date x Channel elevation    9 0.140   5.385  <0.003 
Transect x Channel elevation    6 0.035   1.253  0.280 
Date x Transect x Channel elevation   18 0.026   0.923  0.552  
Error       240 0.028 
 
were constructed as per T  6.1
 
Source of variation     df Mean-Square  F-ratio P  
 
Date       3 0.948   43.091  0.000 
Transect      2 0.015  
C
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Table 6.3: A three-way mixed-model ANCOVA comparing the log-transformed mass 
[log10(x)] of adults sampled from four channel elevations along three transects at Site 3 
during May, August and November 1998 and February. The log-transformed length 
[log10(x)] was used as the covariate. F-ratios were constructed as per Table 6.1.  
 
Source of variation      df Mean-Square  F-ratio 
 
P 
ength [log10(x)]      1 32.140   14345.179 0.000 
100 
19 
Adjusted means for each Channel elevations across the sampling period.  
    Adjusted Mean SE  n 
2.19 m Channel elevation -0.193718  0.007942 74 
2.69 m Channel elevation -0.235400  0.004783 118 
3.19 m Channel elevation -0.260137  0.003965 160 
3.69 m Channel elevation -0.255673  0.005447 122 
L
Date        3 0.007   2.810  >0.
ransect       2 0.005   2.137  0.1T
Channel elevation      3 0.048   21.008  <0.003 
Date x Transect      6 0.002    1.052  0.391 
Date x Channel elevation     9 0.005   2.318  >0.050 
6 Transect x Channel elevation     0.002   1.017  0.413 
 1.014  0.442 Date x Transect x Channel elevation    18 0.002  
rror        425 0.002 E
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Table 6.4: Two-way ANCOVA comparing the log-transformed growth increment [log10
of caged bivalves transplanted between two channel elevations at Site 3 between the 8/7/9
and 5/11/98 (121 days). I
(x)] 
8 
nitial length was used as the covariate. 
-Square  F-ratio P 
 
itial length    1 0.901   10.990  0.003 
Channel elevation  2.137  0.155 
Transp  0.378 
Channe  T  0.806  0.457 
Error 
 
 
Source of variation   df Mean
In
  1 0.175  
lantation   2 0.083   1.008 
l Elevation x ransplantation 2 0.066  
    28 0.082 
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Table 6.5: Two-way ANCOVA comparing the log-transformed mass [log10(x)] of caged 
bivalves transplanted between two channel elevations at Site 3 between the 8/7/98 and 
/11/98 (121 days). Uncaged bivalves sampled in sediments adjacent to the cages were also 
included in the analysis (treat  text). The log-transformed length [log10(x)] of 
valves measu ovariate. 
 
Source of var -ratio P  
 
ngth log10(x .546 0.000 
 1 0.004   1.577  0.214 
 3 0.001   0.192  0.901 
Channel elevation x Transplantation 3 0.002   0.898  0.448 
Error     57 0.003 
 
5
ment = BC, see
bi red at the end of the experiment were used as the c
iation   df Mean-Square   F
Le  [ )]   1 1.583   601
Channel elevation  
Transplantation  
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Table 6.6: Chi-square test comparing the number of mortalities between treatments for
caged bivalves transplanted between two channel elevations at Site 3 between the 8/7
and 5/11/98 (121 days). 
 
 
/98 
   Frequencies 
mns) 
d 
 
Transplantation treatment (rows) by mortality (colu
  
die survived Total 
C1  13 11  24 
C2  13 11  24 
TP  11 13  24 
Total  37 35  72 
  
Test statistic   Value  df  P 
earson Chi-square  0.445  2  0.800  P
 
 
 263
Table 6.7: Chi-square test comparing the number of mortalities between channel elevations 
for caged bivalves transplanted between two channel elevations at Site 3 between the
8/7/98 and 5/11/98 (121 days). 
 
  Frequencies 
 
Channel elevation (rows) by mortality (columns) 
2.19 m elevation  15 21  36 
isher exact P = 0.157 
  
died survived Total 
3.69 m elevation 22 14  36 
Total   37 35  72 
    
F
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Table 6.8: A repeated measures ANOVA with one grouping factor comparing the log-
 times of S. alba exposed to three different salinity 
treatments.  
ime    2 0.653  9.706  0.000 0.001 0.000 
ime x Salinity  4 0.411  6.112  0.000 0.001 0.001 
   1 0.167  3.639  0.069 
 Salinity  2 0.371  8.097  0.002 
rror    23 0.046 
transformed [log10 (x)] burrowing
 
Univariate and Multivariate Repeated Measures Analysis 
 Between Subjects 
Source of variation  df MS  F  P 
 
Salinity   2 1.508  19.740  0.000 
Error    23 0.076 
  
Within Subjects 
Source of variation  df MS  F  P G-G H-F 
 
T
T
Error    46 0.067 
  
Greenhouse-Geisser Epsilon: 0.7992 
Huynh-Feldt Epsilon:  0.9242 
 
Single Degree of Freedom Polynomial Contrasts 
Polynomial Test of Order 1 (Linear) 
  
Source of variation  df MS  F  P 
 
Time 
Time x
E
  
Polynomial Test of Order 2 (Quadratic) 
Source of variation  df MS  F  P 
 
Time    1 1.139  12.843  0.002 
Time x Salinity  2 0.451  5.085  0.015 
Error    23 0.089 
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Table 6.9: A one-way ANCOVA and Peritz procedure comparing the log-transformed mass 
eritz Procedure : Salinity treatment means are ranked in decreasing order of mass and 
[log10(x)] of S. alba exposed to four different salinity treatments during a laboratory 
experiment conducted between 13/10/98 and the 3/11/98. Log-transformed Length 
[log10(x)] of S. alba measured at the end of the experiment was used as the covariate.  
 
Source of variation  df Mean-Square  F-ratio P  
 
Length [log10(x)]  1 0.460   402.163 0.000 
Salinity   3 0.011   9.807  0.000 
Error    35 0.001 
 
P
lines join means that are not significantly different.  
 
Means  -0.430  -0.446  -0.470  -0.507 
Salinity 14ppt  27ppt     > 6ppt     > 1ppt 
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Chapter 7: General Discussion 
7.1 Hydrology and physico-chemical conditions during the study period   
The hydrological and physico-chemical conditions experienced during the study period 
were somewhat different from those anticipated. This study coincided with below-average 
rainfall between 1997 and 1999, which was reflected by below-average discharge pattern
and indifferent periods of mouth closure during the corresponding period (see Chapter 3)
Longer-term discharge patterns for the Hopkins River suggest that the three consecutive 
years of reduced river discharge experienced during this study was an extremely rare event 
(see Chapter 3).  
s, 
. 
w 
to 
in 
stuarine 
nd marine environments are some of the important consequences of mouth closure (see 
s 
ly 
 
Typically, the formation of a sand berm by marine sands at the mouth of an estuary is a 
common event for many southern Australian estuaries during periods of low river flo
(Kench 1999; see also Rouse 1998). However, periods of mouth closure corresponding 
patterns of reduced river discharge were not always predictable during this study. For 
example, periods of mouth closure for the years 1997 to 1999 were expected to be similar 
given the reduced river discharge during these years. However, the mouth remained open 
for the great majority of 1997 despite river discharge being similar to 1999 and less than 
1998. 
 
Hypersalinity, hypoxia or anoxia, and the prevention of larval flux between the e
a
Chapter 1). The Hopkins estuary did not exhibit elevated salinities (i.e. periods of 
hypersalinity) during periods of mouth closure but the depletion of dissolved oxygen wa
common with increasing water depths (see Chapter 3). The importance of tidal exchange 
for the maintenance of benthic meta-populations comprising the Hopkins estuary and other 
nearby estuarine systems remains poorly understood (Schlacher & Wooldridge 1996), but 
the timing and duration of mouth closure suggest that larval exchange is likely to be great
limited. The importance of larval flux is presently being studied in four south-west 
Victorian estuaries, including the Hopkins estuary, by Helen Arundel.  
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As expected, the physico-chemical regimes at different channel elevations were simila
during periods of mouth closure (due to wind mixing and a lack of tidal salt-water 
exchange) but varied markedly when the mouth was open. Salinity & temperature exhibi
the greatest variation between channel elevatio
r 
t 
ns when the mouth is open, while 
ifferences in D.O. concentrations, particularly depletion at the deeper channel elevations, 
o 
it is possible that aspects of the population 
ynamics described in this study are atypical of S. alba over the longer term given the 
 
al 
n 
f S. 
his 
ast. The aim of this table is to provide examples 
f the typical life history traits exhibited by estuarine bivalve molluscs, rather than a 
comprehensive review. 
d
become more evident when the mouth was closed. Another potentially important, but 
unexpected event, was the low salinity concentrations (< 10ppt) observed during the 
extended period of mouth closure during late 1997 to early 1998 (see Chapter 3).  
 
The most important aspect of the conditions observed in the Hopkins estuary during this 
study was the absence of winter flooding. This was an extremely disappointing outcome 
that greatly limited my ability to test hypotheses about the importance of winter flooding t
the population dynamics of S. alba. Therefore, 
d
unseasonal conditions experienced in the estuary during this time. 
7.2 Understanding S. alba in terms of its size, abundance, distribution & life history -
is it like other estuarine bivalves? 
Roberts 1984a, reported that very few studies (a total of 7) had been conducted on the 
ecology of Australian bivalve molluscs at that time (up until 1984). A number of ecologic
studies have been conducted since this time (not including studies of only feeding, 
reproduction or anatomy), but most of these do appear to have occurred in permanently 
open estuaries or embayments rather than intermittent estuaries similar to the Hopkins (e.g. 
Butler & Brewster 1979; Butler 1987; Wells et al. 1980; Wells & Threlfall 1982a; Roberts 
1984b; Peterson & Black 1987; Jones et al. 1988; Peterson & Black 1988a;b, 1993; Goggi
1997; Paterson & Nell 1997; Bellchambers 1998). Aspects of the population dynamics o
alba compared with other bivalve molluscs is shown in Table 7.1. The comparisons in t
table have been limited to focus largely on estuarine, infaunal bivalves rather than epifaunal 
species and those found along the open co
o
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It is often difficult to compare aspects of the population dynamics of a species, part
abundance estimates, because of the different sampling methods used. Differences inclu
the varying range of sieve mesh sizes used (typically 0.5 to 3 mm) and also the type of 
sediment samplers used (from grab samplers to hand-held corers). Abundance estimates o
infaunal bivalves (and infauna in general) are often reported as no.m
icularly 
de 
f 
at 
is study have been 
converted to the no.m-2 so that the abundance of S. alba can be easily compared with other 
 
ther 
f 
able 7.1). It appears that most bivalves (that were collected with a mesh size < 
ic recruits (tens to hundreds of thousands) 
hile 
 
bia buccinoides and Tatea 
ufilabris, are all smaller than 10 mm length (pers. obs). This concords with what has been 
described for other small, southern Australian estuaries (Peterson & Wells 1998). In 
-2, which is somewh
surprising since infaunal organisms inhabit a three-dimensional habitat, where different 
species of bivalve molluscs can inhabit sediments depths up to greater than half a metre 
(see Peterson & Andre 1980). The number of S. alba sampled during th
bivalve molluscs found elsewhere.  
 
Small bivalves (< 10 mm, e.g. A. helmsi , G. gemma, M. bidenta, Table. 7.1) do appear to
reach very high abundances, much greater than those of similar size to S. alba. The 
abundance of adult S. alba (retained on a 1 mm mesh) appears to be greater than o
similar-sized species, although these differences may largely reflect differences in the size 
of the sampler and/or the mesh size used (Table 7.1). Similarly, the numbers of recruits for 
the different bivalves compared in Table 7.1 were highly variable, as was the definition o
“recruits”, which varied considerably in size, so did the sieve sizes used to collect many 
species (T
0.5 mm) are capable of producing many benth
and that heavy mortality occurs shortly after settlement (for bivalves < 3 mm).  
 
S. alba is one of the larger bivalves inhibiting the small estuaries of South-west Victoria 
(Table 7.1). Other relatively common, coexisting bivalves such as Tellina deltoidalis & 
Laternula gracilis are of similar length to S. alba (≈ 40 to 45 mm maximum length), w
other bivalves such as Xenostrobus securis (≈ 8 to 10 mm) and Arthritica helmsi (3.1 mm) 
are considerably smaller. Similarly, other molluscs that inhabit the Hopkins estuary, such as
Nassarius burchardi, N. jonasii, Friginatica beddomei, Hydro
r
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contrast, bivalves living in embayments and permanently open estuaries seem to b
of growing to much larger sizes than those found in the seasonally closed estuaries of 
southern Australia (e.g. Soletellina or Tellina compared to Pinna, Mya and Mercenaria and 
even the closely related S. biradiata which grows to 65 mm and lives in sheltered, fully
marine bays rather than estuaries, Table 7.1).  
 
The growth of S. alba does not appear to vary across small spatial scales within close 
proximity of the estuary mouth, i.e. the three sites used during this study (see Chapter
The feeding behaviour of S. alba has never been studied but Ponder et al. 2000 suggests 
that S. alba is likely to be a deposit-feeding bivalve. The concentration of organi
in the sedimen
e capable 
 
 5). 
c material 
ts was highly variable during this study and was never consistently greater at 
ny one site (see Chapter 2). This observation, together with the assumption that S. alba is a 
ired. 
 
 
of S. 
tions of living, suspended algae 
would not be expected to grow as quickly, if at all, compared with bivalves exposed to a 
ficant amounts of organic matter without the 
lve 
the 
d to 
a
deposit feeder, could possibly explain the negligible differences in growth rates observed 
between Dates, Sites and Channel elevations.  
 
The deposit-feeding assumption needs to be tested, so feeding studies are urgently requ
A combination of gut content analyses and orthogonal experimental designs comparing the
growth rate of bivalves exposed to varying concentrations and combinations of planktonic
algae and sedimentary organic matter may provide some insight into the feeding mode 
alba. For example, a strict deposit-feeding organism exposed to a treatment containing a 
combination of no organic matter and elevated concentra
treatment containing a combination of signi
presence of living, suspended algae. A non-significant result would suggest that the biva
is capable of switching between the two modes of feeding, which could be verified by the 
gut content analyses. The gut content analyses should provide further insight towards 
origin of the food source (e.g. the proportion of benthic detritus and algae (e.g. benthic 
diatoms) in the diet versus planktonic algae), and if conducted prior to the experiment, 
could aid in the formulation of decisions concerning the species of algae that might nee
be used in the manipulative experiments. 
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The growth rates of S. alba appear to be much greater than other estuarine bivalves 
molluscs, including those of similar shell length and also those of larger size (e.g., 
Katelysia scalarina and K. rhytiphora, which have a thicker shell and greater biomass, 
Table 7.1). Several bivalves appear to be capable of growing to their maximum size in a 
very short time (from < 1 to 2 years, particularly the smaller species) and several species 
ppear capable of growing to a length of 10 to 25 mm by year 2 (Table 7.1, see Seed & 
 a 
s 
 this 
ch 
 
.3.1 Potential physico-chemical models 
 
 and air temperature (Table 7.2).  
a
Brown 1978; Butler 1987; Kevrekidis & Koukouras 1992; Clasing et al. 1994; Urban & 
Campos 1994; Urban 1996; Urban & Tarazona 1996) whereas S. alba appears to grow to
size of 20 to 30 mm before year 2 (Table 7.1 and see Chapters 4 & 5). 
7.3. Modelling the interaction of the physico-chemical environment and the 
population dynamics of S. alba - future prospects   
Currently, the development of statistical models used to provide quantitative prediction
about estuarine soft-sediment communities are severely limited (Constable 1999). These 
must be based upon empirically tested relationships such as shown in this study. 
Unfortunately, the development and testing of such models were beyond the scope of
study. Therefore, the following sections are to serve as a guide for the development of su
models, including a discussion of the potential components (dependent and independent 
variables) and some suggestions for future tests that may be required to further refine these
models.  
7
It may be possible to develop a predictive model that describes the association between 
specific aspects of the physico-chemical environment and the hydrology of the Hopkins 
estuary. Major emphasis has been focused on the importance of salinity during this 
particular study, but several other physico-chemical parameters, including dissolved 
oxygen, temperature and turbidity could also be used as dependent variables in these 
models (Table 7.2). The potential independent variables also consist of several factors such
as channel elevation (i.e. water depth), river discharge, height of the sand bar, tidal height, 
mixing of the water column
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Not all of the parameters described above have been measured during this study, 
particularly many of the independent variables. However, some of these data such as riv
discharge, tidal heights (as modelled for Portland) and air temperature are readily avail
from other government organisations (Table 7.2). The processes associated with water 
column mixing are yet to be tested and heights of the sandbar were not measured directly. 
However, sandbar heights may be estimated from the measurements of water height that 
were recorded from the Hopkins bridge during the physico-chemical sampling as: BH = 
(TH
er 
able 
ekly with 
ay not be appropriate because small-scale variation may be 
rucial. The structure of these models may also differ depending on whether the mouth is 
 of 
e 
 
.e. 
 
nced 
e lab 
2 - TH1) - (th2-th1) where BH = Bar height, TH = actual tide height predicted for 
Portland, th = water height (as Australian Height Datum) as measured from Hopkins bridge 
and the subscripts 1 & 2 = the predicted low and high tide heights for Portland, 
respectively.  
 
It should be noted that the match between the spatial and temporal arrangement of samples 
must be appropriate for each parameter when developing these models. For example, 
determining the relationship between parameters that have been measured we
those measured monthly m
c
open and closed. For example, several independent variables such as river discharge and 
tidal heights are not likely to contribute greatly, if at all, to fluctuations in the physico-
chemical regime when the estuary mouth is closed, whereas other factors such as mixing
the water column are likely to become more important.  
7.3.2 Physiological Models 
Carefully designed tolerance tests may also be used to develop models that describe th
relationship between the sub-lethal and lethal effects on S. alba from changes in certain, or
combination of, physico-chemical parameters. Potential dependant variables include 
burrowing times, growth rates and condition (i.e. sub-lethal effects) and mortality rates (i
lethal effects, Table 7.2). For example, this indicated that bivalves exposed to low salinities
(≤ 1ppt) for a period of 8 days exhibited 100 % mortality (see Chapter 6). Therefore, I 
would not expect to find any living bivalves at any channel elevation that had experie
salinities ≤ 1 ppt for a period of 8 days or more. This is based on the assumption that th
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based experiment was representative of what occurs in the estuary. The mortality of 
bivalves was not monitored before 8 days of exposure, so the above result is conservative, 
and 100 % mortality may occur during a much shorter exposure time. Furthermore, the 
interaction with one or more additional physico-chemical parameters may also hasten these
mortality rates.   
 
There was only a single tolerance test conducted during this study, so additional tolerance 
tests of other physico-chemical parameters are still required. These would be preferably 
done in situ, incorporating an orthogonal design to test for interactions, and measure both 
lethal and sublethal effects. In addition to salinity, other potentially important physico-
chemical parameters (independent variables) 
 
include dissolved oxygen, temperature and 
turbidity (Table 7.2). Yearly minimum temperatures occur in winter, with or without 
ortalities of other bivalve molluscs 
  
een 
 
d during this study, see 
hapter 2) are common during periods of mouth closure (Rouse 1998; Sherwood & Rouse 
flooding, and coincide with the cessation of growth during this study (see Chapter 5). 
Sedimentation has been shown to cause significant m
(see Peterson 1985; Peterson & Black 1988a), so increased turbidity, together with the
possible interaction of salinity and temperature, may also contribute to the observed 
mortality of S. alba during periods of winter flooding. The size of the organism used in 
these tests is another important consideration in the design of these experiments since some 
studies have provided evidence that, the tolerance of bivalve molluscs can differ betw
size classes (Matthews 1995; Bellchambers 1998).  
 
Tolerance tests are also needed for determining the importance of periods of hypoxia and
anoxia. Reduced oxygen concentrations at the deeper channel elevations (≈ 1.05 m below 
the Australian Height Datum = 3.19 m channel elevation sample
C
1997; and see Chapter 3). Furthermore, fish kills that have been observed shortly after 
artificial mouth openings of at least three other estuaries in south-west Victoria have been 
attributed to low dissolved oxygen concentrations (P. Fairweather, B. Robson, & J. 
Sherwood, pers. comm.).  
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An examination of the recruitment of S. alba provided some evidence of post-settlement 
migration (see Chapter 4). There are now numerous studies that have documented post-
settlement migration of several species of bivalve molluscs via processes of sediment 
bedload transport (Emerson & Grant 1991; Armonies 1994a,b; Commito et al. 1995a,b; 
Turner et al. 1997) and drifting behaviour (Sorlin 1988; Armonies 1994a; Commito et al. 
1995b; Cummings et al. 1995; Hooker 1995). A summary of some of the possible metho
of measuring these (e.g. bedload & water column traps) is provided in Armonies (1994
Individual S. alba have been observed on the su
ds 
a). 
rface of the sediments during periods of low 
alinity (in situ observations as well as the salinity tolerance experiment, pers. obs.). This is 
y 
 they 
tuates, 
h 
ing 
he mouth had only 
pened once for a very brief period (7 days in mid January, see Chapter 2) after it was 
s
an interesting behavioural trait, which would make them extremely vulnerable to predation 
but it may represent an active attempt to become exposed to water currents and thereb
being lifted and carried to a new location. So further studies examining the capability of 
large S. alba (> 10 mm) to drift are very important. Studies of this type may provide some 
insight towards whether S. alba can move away from unfavourable areas or whether
have to endure and cope with unfavourable conditions via other means (e.g. 
physiologically).  
 
These models, and ultimately an understanding of how the abundance of S. alba fluc
are potentially important in terms of the management in the advent of possible increased 
harvests of the bivalve for bait in the future, and also the need artificially breaching the 
sand bar. The abundance of S. alba decreased steadily at all sites during the study period, 
which was possibly a reflection of the poor recruitment observed during the study (see 
Chapters 4 & 6). There is some evidence that the timing and limited duration of mouth 
closure during the summer/autumn period (e.g. November to May) may have limited 
recruitment. Recruits were present, although not extremely abundant, during 1997, whic
was a year when the mouth was open for most of the summer/autumn period (see Chapter 
2). Similarly, the mouth opened and closed several times during the same period during 
1999, corresponding to when recruits were extremely abundant, and greater than had been 
observed during previous years (Matthews 1995; present study). In contrast, recruits dur
1998 were extremely rare, which corresponded to a period when t
o
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artificially breached. Salinities of the estuary for this year were also unusually low (belo
10 ppt, see Chapter 3), which may have prevented full development of the bivalve larvae
and thence recruitment, as has been shown for other infaunal larvae (Richmond & Woodin
1996). Longer-term studies are required to determine the generality of these observatio
and thence the development of a model that could predict the number of bivalve recru
based on the timing and duration of mouth closure. For example, if a manager knows, wi
some confidence, how many recruits are likely to present in the estuary at time t+1given
status of the estuary mouth at time t, together with estimates of the rate of post-settlement 
mortality (a rough estimate could be obtained from this study by comparing the number o
bivalves retained on the 0.5 mm mesh with those on the 1 mm mesh), then catch limits 
could potentially be set prior to each season. 
7.4.  Peculiarities of population dynamics in estuaries that alternately flood & close  - 
a new regional versus global perspective needed? 
The results of this study add further evidence to the suggestion in a recent review by 
Peterson & Wells (1998) that molluscs residing in the small estuarine environments of 
southern Australia tend to exhibit rapid growth rates, are short lived, have a wide toleran
of highly fluctuating physico-chemical regimes, are of small size and reach sexual matur
at an early age. This is in contrast to other estuarine bivalves (commonly studied in 
embayments or large and/or small but permanently open estuaries) that can grow to a much
larger size, exhibit slower growth rates, are capable of increased longevity. However, I am 
unaware of any other studies, apart from the one by Wells & Threlfall (1982a) that have 
examined the population dyn
w 
, 
 
ns, 
its 
th 
 the 
f 
ce 
ity 
 
amics of bivalves that inhabit the small intermittent estuaries 
of southern Australia. This illustrates the need for such studies. 
ng 
 near the mouth of the Hopkins estuary but exhibit 
 
you
hel ith no evidence of brooding. Another notable 
difference between the two species is that A. helmsi does not exhibit mass mortalities 
during flood events (Matthews 1995). The salinity tolerance of A. helmsi below 
 
The contrast between the population dynamics of S. alba and A. helmsi is an interesti
one. Both species are commonly sampled
two very different life histories. A. helmsi is a very small, short-lived bivalve that broods its
ng (Wells & Threlfall 1982b; unpublished data) whereas S. alba is much larger than A. 
msi and has a planktonic larval stage w
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concentrations of 5 ppt was not examined by Wells & Threlfall 1982b but it appears to
able of coping with these salinity concentrations, as indicated by its survival during 
 be 
cap
flood events (Matthews 1995). These differences in survival may be explained by the 
or 
and of shutting both valves tightly, thereby 
olating soft tissues from the surrounding environment. McLachlan & Erasmus (1974) 
 mortality due to low 
larg vertebrate predators such as sea-stars (some examples include 
embers of the genus Luidia, Asterias and Coscinasterias, which are mainly common in 
ustralia including the Warrnambool region, P. 
gen
& B
Ola s 
isop ncer, Callinectes, Panopeus, Limulus, Pachygraspus 
sh 
198 , 
resp in (Peterson 1990; Thrush et al. 1991), which often leave large 
eding pits in the sediment (e.g. Woodin 1978; Peterson 1991). The importance of the 
te 
 on 
differing shell morphology of the two species. Unlike the thin, gaping valves at the anteri
 posterior ends of S. alba, A. helmsi is capable 
is
showed that bivalves with gaping shells were more vulnerable to
salinities than bivalves without any shell gape. 
 
Another characteristic feature of these small, intermittent estuaries is the absence of typical 
e, soft-sediment in
m
sheltered, fully marine environments, Peterson 1990; Edgar 1997 but Coscinasterias also 
inhabits the open coast of southern A
Fairweather, pers. comm., pers. obs.), whelks (some examples include members of the 
era Bedeva, Penion, Polinices, Conuber, Netica, Urosalpinx, Busycon and possibly 
Friginatica and the scavengers Cominella & Nassarius, Peterson 1982a,b, 1990; Peterson 
lack 1993; Edgar 1997, also see soft-sediment reviews by Peterson 1979, 1991; 
ffson et al. 1994; Wilson 1991; Thrush 1999) and large crustaceans and fish such a
ods and crabs (e.g. Saduria, Ca
and Portunus, Woodin 1978, 1981; Peterson 1982a,b, 1990, 1991; Quammen 1984; Thru
6; Peterson et al. 1989; Prescott 1990; Skilleter 1994; Bonsdorff et al. 1995) and rays
ectively (see examples 
fe
small naticid (Friginatica beddomei) and nassarid gastropods (Nassarius jonasi and N. 
butcheri) as potential predators in the Hopkins estuary is yet to be examined. The vertebra
predator Acanthopagrus butcheri is the only fish that has been observed actively preying
S. alba. However, siphon cropping (Peterson & Quammen 1982; Zwarts 1986; Peterson & 
Skilleter 1994; Bonsdorff et al. 1995) by small invertebrates, fish and bird species also 
deserves consideration in the energetics & behaviour of S. alba.  
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Several aspects of the population dynamics of S. alba appear to be unique compared
other estuarine or marine bivalves molluscs found elsewhere, especially in the Northern 
Hemisphere estuaries that rarely close. They exhibit extremely rapid rates of growth (see 
Chapter 5, Table 7.1) and appear to have a unique ability to rapidly re-establish meta-
populations after suffering extreme and, relatively regular, mass-mortality events. In 
contrast, population crashes of other bivalve molluscs do not appear to be common, but
have been reported elsewhere (e.g. McLachlan & Grindley 1974; Peterson et al. 1994, 
1996; Owen & Forbes 1997a; Palacios et al. 2000). Of these studies, the re-establishment 
of populations, if indeed they do re-establish at all, does not appear to be as rapid as has 
been observed for S. alba. Admittedly, the apparent inability of bivalves to re-establish 
abundant populations elsewhere may be due to a prolonged “press’ disturbance event (i.
eutrophication) unlike the brief “pulse” disturbances (i.e. winter flooding) experienced by 
S. alba. Nonetheless, very few bivalve molluscs, particularly infaunal species, appear to 
experience regular mass mortality events similar to S. alba. Some freshwater bivalves, 
belonging to the genera Musculium and Sphaerium, that live in ephemeral ponds exhibit 
rapid rates of growth and early sexual maturation (see Mackie, 1984) but these genera tend 
to be much smaller than S. alba (e.g. maximum shell length = 2 to 15 mm, Brunckhor
1998). The only estuarine bivalve that I am aware of that suffers similarly high rates of 
mortality during winter flooding is Solen cylindraceus, which is common in some South 
African estuaries (McLachlan & Grindley 1974; Hakenom 1989; Owen & Forbes 1997a). 
However, the flooding described for these South African es
 to 
 
e. 
st 
tuaries does not appear to be as 
equent as for the Hopkins estuary and the recovery rates reported for S. cylindraceus were 
r less rapid than S. alba.   
par
ter flooding) or intrinsic (i.e. 
ter flooding and are a natural event attributable 
to the life history of S. alba) source? 
fr
fa
7.5. Returning to the initial hypotheses and aims of this study 
At the beginning of this study, the three questions and corresponding hypotheses of 
ticular interest were (see Chapter 1):  
1)  Are the mass mortalities the result of an extrinsic (i.e. win
mass mortalities occur regardless of win
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2)  If peak discharge events are responsible for mass mortality events, what factor or 
interaction of physico-chemical factors provide the greatest cause of these mortalities?; 
and 
3)  What factors might contribute to the successful persistence of S. alba in the Hopkins 
River estuary despite mass mortality events?  
 
ssociated with these three questions were the hypotheses that: 
ould be no significant change in the annual abundance of S. alba in the absence 
of a winter flood. 
s. 
1997 & 1998) were not as dramatic as those during the flood years of 1995 and 1996; 
k 
95 & 
. The 
ing 
 
example, the percentage decrease in the abundance of S. alba during 1995 was calculated 
A
1)  Mass mortalities were the result of an extrinsic, rather than intrinsic, source;  
2)  Salinity was the principal extrinsic source of mortality; and  
3)  There w
 
The absence of winter flooding prevented thorough tests of these questions and hypothese
However, this study has shown that: 
1)  declines in the abundance of S. alba during the two non-flood years of this study (i.e. 
2)  S. alba exposed to low salinities (less than 2 ppt) exhibit 100% mortality after 1 wee
of exposure, and that significant sub-lethal effects (e.g. changes in condition and 
burrowing rates) were detectable at concentrations less than 6 ppt after 1 week of 
exposure (see Chapter 6); and 
3)  S. alba exhibits rapid rates of growth (see Chapter 5), which is one aspect of its life 
history that may enable this species to persist in the Hopkins estuary by rebounding 
quickly after floods. 
 
The percentage declines in the abundance of S. alba during the two flood years (i.e. 19
1996) and two non-flood years (i.e. 1997 & 1998) are presented in Table 7.3 to illustrate 
the importance of winter flooding. Certain aspects of this table require explanation
percentage declines in the abundance of S. alba during 1995, 1997 and 1998 represent the 
changes that occurred between successive sampling dates prior to and after winter flood
(or the expected period for flooding in those years where flooding did not occur). For
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by subtracting the mean abundance recorded on 27/6/95 (pre-flood) from the mean 
abundance on 14/08/95 (post-flood) divided by the pre-flood abundances (i.e. pre-flood 
inus post-flood / pre-flood). The values for 1996 were calculated from a less thorough 
as not 
 
 
ing bivalves 
no. of living + recently dead bivalves x 100) at each of four channel elevations is shown in 
 
m 
ring 
ines in 
, 
d or 
ces 
d abundance of these S. alba; 
)  estimate growth rates for these S. alba; 
m
sampling design using a bait pump on the 10/11/96 (e.g. the number of bait pumps w
recorded). Sampling involved the collection at least fifty S. alba (where possible) at each of
four channel elevations from Sites 1, 2 & 3. The collection of fifty individuals was not 
always possible because of the scarcity of S. alba during the flood period, so sample sizes 
varied at each Site x Channel elevation as indicated in Table 7.3. The number of living and
dead S. alba were recorded and the percentage of living bivalves (i.e. no. of liv
/ 
Table 7.3. Unfortunately, the position of the channel elevation sampled during 1995 in
relation to the AHD was not recorded but was similar to the shallowest channel elevation 
sampled during this study. The channel elevations sampled during 1996 also differed fro
the channel elevations by being 0.23 m above each of the channel elevations used du
this study. Nonetheless, the information in Table 7.3 still illustrates the dramatic decl
abundance of S. alba sampled during flood events compared with this study. Furthermore
the modest declines in abundance observed during this study were attributable to the 
complete disappearance of individuals, unlike flood years when many recently dea
dying bivalves (see Figure 2.14) are frequently sampled. The cause of these disappearan
remains unknown but further demonstrates the importance of examining whether large S. 
alba (> 10 mm) are capable of post-settlement emigration. 
 
 
 
As stated in Chapter 1, the major aims of this study were to: 
1)  describe the range of physico-chemical conditions likely to be experienced by S. alba 
living within close proximity to the mouth of the Hopkins estuary; 
2)  describe the distribution an
3
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4)  e mine channel elevation (i.e. water depth) and salinity as potentially important and 
interacting factors that influence the distribution, abundance and survivorship of these
S. alba;  
xa
 
 
ter 3 and 
he hypothesis that the abundance 
f juvenile and adult S. alba would be consistently greater at deeper channel elevations was 
). 
e to 
el 
ates, 
results of this study are proposed in Table 7.4, but I 
5)  discuss the possible factors that are important for the distribution and abundance of S. 
alba, as well as those life history traits that might be important for the persistence of 
this species within the Hopkins estuary. 
 
The conceptual models and hypotheses derived at the beginning of this study, together with
the results of each test and subsequent restatement of each model has been tabulated in 
Table 7.4.  
 
The first of the five major aims of this study has been described in detail in Chap
additional discussion is provided in section 7.1. Weather patterns, and consequently, the 
hydrological regime of the estuary, were substantially different from those expected, with 
the most pertinent difference being the absence of winter flooding. 
 
To respond to the second of these aims, S. alba was consistently sampled at each of the 
three Sites used during this study, but abundances were highly variable between Dates, 
Sites and Channel elevations (see Chapter 4). Therefore, t
o
true for some sites on some Dates (in particular Site 1) but not for others (see Chapter 4
Thus, a different model explaining the distribution and abundance is required (Table 7.4). 
Similarly, patterns of recruitment between the two channel elevations were opposit
those expected, with the number of recruits being greatest at the shallower of two chann
elevations (Table 7.4, see also Chapter 4). Sediment characteristics (organic content, 
sediment particle sizes and sorting coefficients) were also highly variable between D
Sites and Channel elevations (see Chapter 2), and together with the results of the 
recruitment experiment (see Chapter 4), suggest that sediment particle size has little direct 
influence on the distribution and abundance of S. alba. Currents models of recruitment 
patterns of S. alba, based on the 
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rec end that further experimental tests are required to verify these models (see Chapter
4 for further discussion of this topic).  
 
The third aim of this study has been discussed in detail in Chapter 5 and additional 
comments about the growth rate of S. alba compared to other estua
omm  
rine bivalves presented 
 Section 7.2. In summary, growth rates were rapid during the warmer, summer/autumn 
 
s, a lack of difference that was consistent across different dates.  
d 
nce 
erns of decreasing condition were shown during the salinity tolerance 
ied 
s 
 may be important in terms of the fitness (i.e. relative 
The fifth, and last, aim of this study is discussed separately in the following, concluding 
section of this thesis. 
in
months (December to March/April) and negligible during the colder winter months (May to
September, see Chapter 5). Growth was similar for caged and uncaged bivalves at each of 
the three site
 
Chapter 6 detailed discussion of the fourth aim, concluding that temporal patterns of 
abundance were not consistent between Channel elevations, whereas patterns of condition 
were relatively consistent, and low salinities (< 6 ppt) affected S. alba both lethally an
sub-lethally. As expected, the condition of bivalves living at the shallower channel 
elevations (≤ 2.69 m) was poor in comparison with those residing at deeper channel 
elevations (≥ 3.19 m, Table 7.4). The differences in the condition of bivalves residing at 
different channel elevations are likely to be a function of varying salinity regimes si
similar patt
experiment (see Chapter 6). The lethal (i.e. mortality rate) and sublethal responses (i.e. 
burrowing activity & condition) of S. alba exposed to varying salinity concentrations var
little to those expected at the beginning of the study (Table 7.4).  
 
The relationship between reproductive output and the condition of S. alba remains 
unknown, but the variable condition of S. alba residing at different channel elevations doe
suggest that channel elevation
reproductive contributions) of bivalves residing in the Hopkins estuary. The reproductive 
biology of S. alba represents another important aspect of the population dynamics of S. 
alba that needs to be studied.  
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.6 Conclusion and further hypotheses: possible factors that are important for 
S. alba
es within the Hopkins estuary
riods of winter flooding are important episodes 
 alba a ortalities w  not observed in the absence of 
ortalities (v  the of bivalves) 
period than I had anticipated. Secondly, winter floods move 
 the mouth of the estuary the  t ree passage 
ay be of indirect importance for the 
not ily by ing a it e to enter the 
ent (see below), but by creating a more favourable 
closure in 1998. This 
ption that low salin hamp e v ment of larvae 
n, 1996), and hence the successful recruitment of S. alba. The study 
(< 6 ppt) do cause cha es to the ndition, 
 rate of S. alba  alb x ates wth. The 
t determ
t lived, perhaps only 2 to 3 years.  
a significant influence on the 
S. ediate channel elevations (between 
al habitat for S. alba for the following reasons: 
 c
they are also potentially more vulnerable to 
i a h
t irectly and indirectly, has not been studied, but they 
t ed bivalv s lected on sieves 
p samples, pers. obs) that may be limiting the abundance of 
structuring the distribution and abundance of 
for the persistence of this speci
Several aspects of this study suggest that pe
in the life-cycle of S.
winter flooding during this study, although m
were greater during the winter 
large amounts of sand away from
of marine and estuarine water. Therefore, 
successful recruitment of 
estuary from the marine environm
physico-chemical environm
environment that was observed during the exte
is based on the assum
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provides strong evidence that low salinities 
behaviour and mortality
longevity of S. alba is ye
that it is probably shor
 
Residing at different channel 
population dynamics of 
2.69 and 3.19 m) provide an optim
1) Bivalves living at the 2.19 m
possibly due to exposure to low salinities and 
the effects of bait collect
importance of bait collec
can be a mortality source
after the collection of bait-pum
S. alba in particular areas; and  
, and life history traits important 
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floods m
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in at de r chan elevations (3.69 m) advantageous during periods 
 of bait collectors and 
ity con tions te ith inc a  
dissolved oxygen concentrations are likely to lead to the deeper channel elevations 
u e  dur outh closure.  
Therefore, living at intermediate channel elevations might provide S. alba a refuge against 
the com e isso xygen
ction.  
Using the results of this study, together with the results of the studies by Matthews (1995) 
 alba is a species of marine or
Hopkins estuary, for the following reasons: 
st that s po le f
maturity and reproduce in between periods of episodic flooding. The survival of juveniles, 
together with the su vorship of only a small number of adults, appear important factors 
te to the persisten  S. alba within the Hopkins es a w
n
ing  d t m jo
periods of S. alba, major contribu e larval seeding of e est y from other 
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Table 7.1:
grow
 Com n ct  dyn e ol s are n B  
th constan r In aries are tho e that are s olated from the ocean by ral sand bar, 
ly during ods w f nimise the si f this Table, t scription of o ies  to
th minimum and maximu hat species being summarised from  and 
 balthi  UN kno  not applicab S = not studied, NR = not repor he a
length, bivs. = bivalves.  
 
length 
  
Age 
th rates 
(mm/day) or (K) 
dance  undance of 
recruits (m-2) Embayment 
pariso
t (K, pe
of aspe s of the population
termittent estu
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 year). s
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45.
 
5 
  
 x 10-3 to 01 ± 12040 
0 ± 12943
ned as bivs. 
0.5 to 8 mm 
th 
m 
 s 
estuary 
3 > 0.75 9.7 x 10-3 91  NS Peel Inlet, W.A. intermittent
estuary 
relfall 
 NS ry
estuary 
T. mariae ≈ 36 NS NS 
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NS Western Port large 82 
      
 
 
UN 
 
 
 
4 x 10-3 ± 2
0.12 ± 0.02 
(for bivs. > 19 mm) 
 
30.1 ± 15 
to 
1159 ± 120 
sieve = 1 mm 
304
to  
4214
defi
leng
NS
Hopkins 
estuary, 
Victoria 
intermittent 
estuary 
Present study 
Arthritica 
helmsi 
3.1 NS NS 105 ± 30 
 to  
19414 ± 1806 
sieve = 0.5 m
Hopkin estu
Vic. 
ary intermittent Present study 
A. helmsi 4893 to 454
sieve = 1 mm 
 Wells & Th
1982b 
Tellina 
detoidalis 
45 NS NS Not studied Hopkins estua
Vic. 
 intermittent Present study 
19 to 94 
mean = 48 
sieve = 2 m
Bay, Victoria embayment 
Coleman 19
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(Table 7.1 
cont’d) 
Max. 
length 
(mm) 
Max.  
Age 
(year) 
Mean Growth rates 
(mm/day) or (K) 
Abundance  
(m-2) 
Abundance of 
recruits (m-2) 
Study Area Estuary or 
Embayment 
Reference 
Latern
gracilis 
ula   uary40 NS NS Not studied NS Hopkins est
Vic. 
 intermittent 
estuary 
Present study 
Soletellina 
biradiata 
65 NR NR NR rn sheltered 
 
; 
75  25  7.4 x 10-3  to 2.5 x 10 -2 
(for bivs. > 8 mm) 
Not quantified Lake Macquarie large lake  7 
NR  
ralia embayments 
 6 x 10-3 
m)   
 11  
ned as bivs. 3 
to 17 mm length 
yal 
A. 
  
K. rhytiphora NR NR -4 8 x 10-3 
2 mm) 
NS Princess Royal 
A. 
embayment Black 
ra 0 R .07 
(for bivs. > 15 mm)  
ot stated S orlette, Port 
Stephens, 
mbayment 
 
aterson & Nell 
1997 
ora  37 NS 
mean = 17 
sieve = 2 mm 
Western Po
Bay, Victoria embayment 
K. scalarina 45 NR NR NR NR Southern 
Australia 
estuaries & 
embayments 
0-3  ≈ 1.5 
defined as bivs. 3 
to 17 mm length 
ss Royal 
Harbour, W.A. 
k 
NR  124  0.5  ess Royal
our, W.A. 
 k 
        
NR Southe
Australian 
distribution  
embayments
Willan 1993
Edgar 1997 
Trichomya 
hirsuta 
Not quantified Goggin 199
Katelysia 
rhytiphora 
50 NR NR NR Southern
Aust
estuaries &  Wells 1984 
K. rhytiphora ≈ 46 NR ≈4.9 x 10-4 to 3.
(for bivs. > 20 m
28.4 ± 0.2 
sieve = 3 mm
0 to
defi
Princess Ro
Harbour, W.
embayment Peterson & Black
1993 
≈6.5 x 10 to 1.
(for bivalves > 3
24 ± 0.7 
to 
28 ± 0.2 
sieve = 3 mm  
Harbour, W.
Peterson & 
1988a 
K. rhytipho 5 N 0 N N C
N.S.W. 
e P
K. rhytiph ≈ Not studied 3 to 56 NS rt large  Coleman 1982 
Wells 1984 
K. scalarina ≈ 37 NR ≈5.9 x 10-4 to 4.2 x 1
(for bivs. > 30 mm) 
128.4 ± 0.5  
sieve = 3 mm  
0 to Prince embayment Peterson & Blac
1993 
Peterson K. scalarina NR ≈7.3 x 10-4to 2.6 x 10-4 
(for bivs. > 23 mm) 
±
to 
128 ± 1.7  
sieve = 3 mm  
NS Princ
Harb
 embayment & Blac
1988a 
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(Table 7.1 
cont’d) 
Max. 
length 
(mm) 
Max.  
Age 
(year) 
Mean Growth rates 
(mm/day) or (K) 
Abundance  
(m-2) 
Abundance of 
recruits (m-2) 
Study Area Estuary or 
Embayment 
Reference 
Tapes  
s dorsatu
100 NR 0.08
(for
 to 0.13  
 bivs. > 14 mm) 
 te, Port
ns 
l NR NS Corlet
Stephe
 embayment 
& 
aquaculture 
ponds 
Paterson & Nel
1997 
Anadara 75 NR Not stated uthern estuaries and 
ents 
Edgar 1997 
bicolor 
> 200 NR ss Royal 
Harbour, W.A. 
embayment  
or   8   ment 
a 20  NR rn estuaries  Wells 1984 
o 0.12  
           Intertidal 
5.5 x 10-4 to 2.2 x 10-3   
 
 
 Bay, k 
1987 
(see Fig. 7) 
 
  -3  ment  
g. 7) 
Anomalocardia 
rtidal 
NR NR 
 1.1 
3 mm  
NS Shark Bay, W.A embayment Peterson & Black 
sa 
 
NR NR 5.5 x 10-3 to 1.3 x 10-3 1.5 ± 0.3 to 
 0.3 
3 mm  
NS  ay, embayment n & Black 
lenticularis 
l 
NR NR ≈ 5.5 x 10-4 to 3.1 x 10-3 0.1 ± 0.07 to 
0.3 ± 0.14 
= 3 mm  
Shark Bay, W.A embayment 
       
trapezia 
Pinna  
NR NR From so
Queensland to 
ern W.A. south
Prince
embaym
Not stated ≈ 5 
no sieve 
NS Roberts 1984a
P. bicol
Notospisul
450 > 10 Not state  d 2.9 to 4.6
no sieve 
Not stated 
NR Gulf St.Vincent, embay
S.A. 
Southe
Butler 1987 
trigonella 
N. trigonella 
Not stated NR 
Australia 
Hawkesbury
estuary 
19 0.75 0.9 t Not stated 
 
NR  permanently 
open 
embayment
Jones et al. 1988 
Callista  
impar 
NR NR ≈ 14.1 ± 1.6 to
15.7 ± 0.96
sieve = 3 mm 
5.8 ± 0.5 to  
NS Shark 
W.A. 
 Peterson & Blac
C. impar 
            Subtidal
NR NR ≈4.8 x 10-3 to 7.2 x 10
6.4 ± 0.8  
sieve = 3 mm  
14.7 ± 1.1 to 
NS Shark Bay,
W.A. 
 embay Peterson & Black
1987 
(see Fi
squamosa 
           Inte
A. squamo
≈1.4 x 10  to 6.2 x 10-3 -3
9.7 ±
sieve = 
1987 
(see Fig. 7) 
 Peterso
            Subtidal
Circe 
1.7±
sieve = 
Shark B
W.A. 1987 
(see Fig. 7) 
Peterson & Black 
1987 
           Intertida sieve 
NS 
(see Fig. 7) 
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(Table 7.1 
cont’d) 
Max. 
length 
(mm) 
Max.  
Age 
(year) 
Mean Growth rates 
(mm/day) or (K) 
Abundance  
(m-2) 
Abundance of 
recruits (m-2) 
Study Area Estuary or 
Embayment 
Reference 
Circe 
lenticularis 
            Subtidal 
NR NR ≈ 1.7 x 10-3 to 5 x 10-3  1.4 ± 0.24 to 
2.2 ± 0.4 
sieve = 3 mm  
NS Shark Bay,
W.A. 
 embayment ck Peterson & Bla
1987 
(see Fig. 7) 
Placamen 
dal 
NR NR . 0-3
5 
embayment  
            Subtidal 
NR NR -4 to 1.4 x 10-3
  
Bay, 
W.A. 
embayment Peterson & Black 
1987 
cens 
idal 
r P. berryi 
 
 k 
ens 
btidal 
  
 = 3 mm  
    
(see Fig. 7) 
Overseas        
Macoma 40 35 0.008 to 0.891† 
2 x 10-3 to 1.9 x 10-3  
(for bivs. > 6 mm) 
1 mm  
≈ 2000 to 29000 
range not 
defined 
 = 0.25 mm  
  estuaries & 
 
Bachelet 1980 and 
, 
Beukema 1993; 
es 
mercenaria 
nd 
00 -3 to 1.6 x 10-2 
(for 30 mm bivalves) 
0-2 to 4.1 x 10-2 
(for 60 mm bivalves) 
 0.4 to 10 
sieve = 3 mm  
  
et al. 
           seagrass 
00 2 to 3  1.0 to  
11.3 ± 1.7 
 = 6 mm  
   
l. 
        
berryi 
           Interti
P. berryi 
≈2.2 x 10-3 to 4 8 x 1 8.7 ± 1.1 to 
7.4 ± 0.8
sieve = 3 mm  
0 
sieve = 3 mm
NS Shark Bay, W.A Peterson & Black
1987 
(see Fig. 7) 
≈ 5.5 x 10 NS Shark 
(see Fig. 7) 
 Peterson & BlacP. graves
           Intert
NR NR as fo 0.5 ± 0.18 to 
0.4 ± 0.11
sieve = 3 mm  
NS Shark Bay, embayment
W.A. 
,
1987 
(see Fig. 7) 
P. gravesc
            Su
NR NR as for P. berryi 3.1 ± 0.39 to 
1.9 ± 0.39 
sieve
NS Shark Bay
W.A. 
 embayment Peterson & Black
1987 
Studies 
 
balthica 
 
  ≈ 1.
 
≈ 50 to 200  
sieve = size 
sieve
Europe & USA
embayments references within
Armonies & 
Hellwig-Armoni
1992 
Mercenaria 
                 sa
≈ 1 > 12 6 x 10
2.4 x 1
0.4 ± NS USA embayments Peterson 1982a;
Peterson 
1984; Peterson & 
Beal 1989 
M. mercenaria ≈ 1 > 12 ≈ 45 mm by age 4.2 ±
sieve
NS USA embayment Peterson 1982a;
Peterson et a
1984; 
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(Table 7.1 
cont’d) 
Max. 
length 
(mm) 
Max.  
Age 
(year) 
Mean Growth rates 
(mm/day) or (K) 
Abundance  
(m-2) 
Abundance of 
recruits (m-2) 
Study Area Estuary or 
Embayment 
Reference 
Gemma  
gemma 
≈ 5 > 2 NS up to
sieve = 
 200000 
0.21 mm 
clear ; 
85 
Not USA embayment Sellmer 1967
Weinberg 19
Tellina  
tenuis 
20  †
 
y, 
haca 
ea 
R to 8.4 x 10-2
ves ≤ 30 mm) 
0-4 to 6.8 x 10-3
valves ≥ 30 mm) 
mud 
m 
ned as bivs. 6 
.5 mm length 
dre 
Chione 57 NR -1.0 x 10-4 to 3.6 x 10-3
 bivalves ≥ 39 mm) 
0.5 to 12 
 mm 
≈ 0 to 3.1   Lagoon, lagoon  
C. cancelatta 50 NR NS 0.4 ± 0.2  ound, embayment Peterson 1982a 
11.3 ± 1.7
dre 
Ireland 
own 
Cerastoderma 
edule 
35* 11 20 mm by 2nd year NR 600 to 59000  
size range not 
clearly defined 
sieve = 0.2 mm 
Europe embayments Seed & Brown 
1978; Moller & 
Rosenberg 1983; 
Armonies 1994b 
Mya arenaria 
              extinct 
120 > 25 0.089 ± 0.014†* 
 
N/A N/A Grays Harbour, 
USA 
embayment Palacios et al. 2000 
         
8 0.22 to 0.405 260 - 434  
sieve = 1 mm  
≈ 0.5 to 7 
defined as bivs. 1
 to 10 mm length
o 16  
Dublin Ba
Ireland  
embayment Wilson 1997 
Protot
stamin
53 N 4.2 x 10-3 
(for bival
2.2 x 1
(for bi
≈ 27 in 
habitat 
3 msieve = 2.
≈ 1 t
defi
to 23
Mugu Lagoon, 
USA 
lagoon Peterson & An
1980; Peterson 
1982b 
Peterson 1982b
undatella (for sieve  = 6 defined as bivs. 6 
 to 35 mm length
NS 
Mugu
USA 
                 sand sieve = 6 mm USA 
C. cancelatta 
            seagrass 
50 NR NS 4.2 ± 1.0 
to 
Bogue S
* 
sieve = 6 mm 
NS Bogue Sound, 
USA 
embayment Peterson 1982a 
Sanguinolaria 
nuttallii 
45 NR 3.2 x 10-3 to 2.9 x 10-2
(for bivalves < 60 mm) 
2 x 10-3 to 1.2 x 10-2 
(for bivalves < 47 mm) 
7 to 46 depending 
on habitat type 
sieve = 2.3 mm 
NR Mugu Lagoon, 
USA 
lagoon Peterson & An
1980 
Modiolus 
modiolus 
140 20 25 mm by 2nd year NR NR Strangford 
Lough, 
embayment Seed & Br
1978 
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(Table 7.1 
cont’d) 
Max. 
length 
(mm) 
Max.  
Age 
(year) 
Mean Growth rates 
(mm/day) or (K) 
Abundance  
(m-2) 
Abundance of 
recruits (m-2) 
Study Area Estuary or 
Embayment 
Reference 
M. arenaria 80 > 15 
               extant 
3.2 x 10-2 to 7.4 x 10-2
0.017 ± 0.015†* to 
0.066 ± 0.022 
70 for adults > 25 
mm  
sieve  = 1
2000 to 458000  
 
 defined 
e = 0.2 mm 
Grays Harbour, 
rrak Sea,  
embayment Palacios et al. 
2000; Moller & 
Rosenberg 1983 
 
.6 mm clearly
size range not
siev    Sweden 
USA, 
Skagge
Austrovenus 
stutchburyi 
3.2 x 10-3 (for bivalves > 
0.2 mm) 
3 to 4.9  
bivalves 20 to 30 
mm lengt
33 
sieve = 1.8 mm 
defined as bivs. 
 
96 
oletellina 
iliquens 
NR NS 2.5 to 80 
sieve = 1 
NS  Cole et al. 2000 
Macomona  NR NS 1.2 to 67 
sieve = 1 
NS Tauranga embayment Cole et al. 2000 
M. liliana 
mm) 
2.
bivalves 2
mm 
 to 733.3 
 0.18 mm
defined as bivs. 
0.5 mm 
embayment Thrush et al. 1996 
Gari stangeri 66 NR NS 4.3 to 54 
sieve = 1 mm 
NS Tauranga 
Harbour, N.Z. 
embayment Cole et al. 2000 
Soletellina 
nitida 
16 NR NS 0.3 to 5 
sieve = 1 mm 
NS Tauranga 
Harbour, N.Z. 
embayment Cole et al. 2000 
Gari Solida 100 15 0.346 to 0.495† NR NR Peru & Chile embayments Urban & Tarazona 
1996; Urban & 
Campos 1994 
Semele solida 78 ≈ 10 0.297† NR NR Bay of Dichato, 
Chile 
embayment Urban & Campos 
1994 
Protothaca 
thaca 
82 ≈ 10 0.174† NR NR Bay of Dichato, 
Chile 
embayment Urban & Campos 
1994 
Venus antiqua 80 ≈ 10 0.183†to  0.218† 
up to 0.1 mm/day 
NR NR Chile embayment Clasing et al. 1994; 
Urban 1996 
Tagelus dombeii 89 ≈ 10 0.232† NR NR Bay of Dichato, 
Chile 
embayment Urban 1996 
         
NR NR 
h 
11 to 3
0.2 to 0.5 mm
Manakau 
Harbour, N.Z. 
embayment Thrush et al. 19
S
s
32 
mm 
Tauranga embayment
Harbour, N.Z. 
liliana 
53
mm Harbour, N.Z. 
NR NR 3.2 x 10-3 (for biv > 0.2 0.95 to 12 0
0 to 30 sieve =  Harbour, N.Z. 
0.2 to 
Manakau 
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(Table 7.1 
cont’d) 
Max. 
length 
(mm) 
Max.  
Age 
(year) 
Mean Growth rates 
(mm/day) or (K) 
Abundance  
(m-2) 
Abundance of 
recruits (m-2) 
Study Area Estuary or 
Embayment 
Reference 
Ensis Macha 190 ≈ 10 0.210† NR NR Bay of Dichato, 
Chile 
embayment Urban 1996 
Mysella 
bidentata 
3.9 > 4 0.33 to 0.36† up to 1500  
sieve = unclear  
 
13000 to 36000 
(settling larvae) 
Northern 
Øresund, 
embayment? Ockel
Muus 1
Abra 20 2 7.4 x 10-3 2407.5 
sieve = unclear Sweden 
mann & 
978 
= 
NR North Aegean 
ro
embayment Kevrekidis & 
Koukouras 1992 
22 2 0.045† 0 der
rope 
ent Lastra et al. 1993 
and reference 
within 
 NR unclear  700000 to 112000 
sieve = 0.1 mm 
Gironde 
Estuary, 
Europe 
estuary Bachelet 1989 
ovata 
A. alba 
sieve 
50 to 5
1 mm 
NR 
Sea, Eu
Santan
pe 
mbaym0  Bay,  e
Eu
A. tenuis 8 2.25
Note: Some studies do not specifically state certain parameters of the population dynamics of the species studied so some values  in the 
y. herefore, some ates are approximate values only, hence the ≈ symbol preceding 
 values in the table. Methods used to det wth rat ied (cont eriment ses), 
e values were provided rtalanffy growth constant (K, per y  tests of growth were also 
nd intra-specific bivalve densities (Peterson & Andre 1980; Peterson 1982a,b, Peterson & Black 
 1988a, 1993; Peterson & Beal 1989). Likewise, some est cruitment were tested acro f sediment types.
table have been estimated from figures onl T  estim
some ermine gro es also var rolled exp s verses size frequency analy
hence som as mm/day or as the von-Be ear). Some
conducted across a range of inter- a
1987, imates of re ss a range o
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Table 7.2: A list of possible dependent and independent variables that may be used by future studies during the development of 
predictive statistical models.  
Model Types Dependent Variab Independen ntial source of data les t Variables Pote
Physico-
chemical 
salinity 
temperature 
ved oxygen 
channel elev
river discharge 
n
y 
Thiess Environmental Services 
 requi
(see text) 
dissol
turbidity 
ation this stud
height of sa d bar direct measurements may be
estimates are possible 
red although indirect 
  
  
  
tidal height  elaide 
 of wa
air temp Bureau of meteorology, Melbourn
plus interactions interaction of all factors included in model 
    
ty 
cts su
 
perature 
d oxygen 
rance tes
tolerance tests needed 
tolerance tests needed 
 turbidity tolerance tests needed 
 plus interactions  tolerance tests needed (orthogonal designs - see text) 
National Tidal Facility, Ad
ter column experimental tests required  mixing
e  
  
Physiological mortali
sub-lethal effe
growth rates 
 
ch as condition, burrowing times, 
salinity
tem
dissolve
this study, but further tole ts recommended 
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Table 7.3 The percentage change lba
study, 1997 and 1998. The position of the single channel elevation sampled by Matthews (1995) was not record ilar to 
n f s er
ese i.e  Sample sizes in pa
ber of bivalves that were collected with a bait pump. 
Study/channel elevation 0.05 below AHD 
(2.19 m) 
0.55 below AHD 
(2.69 m) 
1.05 below AHD 
(3.19 m) 
1.55 below AHD 
(3.69 m) 
 in abundance of S. a  during the flood years of 1995 and 1996, and the two non-flood years of this 
ed, but it was sim
the shallowest channel elevatio
of flooding between years. Th
represent the num
sampled during this study. The timing o
 values are for adults bivalves only (
amples also differed slightly due to diff ences in the onset 
rentheses . retained on 1 mm mesh).
FLOOD 
Matthews (1995) 
een  
97  not sampled not sampled not sampled 
sampled at Site 1 only, betw
27/6/95 & 14/08/95  
FLOOD 
Bait pump samples 10/11/96 
hannel elevations = 1.96, 2.46, 2.96 & .46 m, 
2.69, 3.19 
 
 
 
 
2 (n = 45) 
 
 
 
 
11 (n = 154)  
 = 28)  dead b
Site 3 4(n = 22)  2) 
NON-FLOOD 
 & 6/11/9
  
pled 
 
1 
 
not sampled 
led 34 not sampled 
not sampled 65 not sampled 
NON-FLOOD 
8 & 4/11/98 
    
C  3
respectively, instead of 2.19, & 3.69 m.  
0 (n = 57) 
 
Site 1 
Site 2 
    
 
0 (n = 69) 
 
not sampled 46 (n 0 (n = 14) no living or ivalves found 
10 (n = 10) 1 5 (n = 20) 50 (n =
Present study between 31/6/97 7  
87 
 
not sam
 
1
 
Site 1 
Site 2 
Site 3 
21 not samp
54 
Present study between 4/8/9  
36 
 
104 Site 3 
 
115  
 
53 
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Table 7.4 The initial models and d at the beginning of a summary of res
and the restatement of models where appropriate.  
hypotheses postulate  this study together with ults for each test 
Initial models stated at the 
beginning of this study 
Initial Hypothesis 
 
Results of Test Restatement of 
Model 
Model I (from Chapter 4) 
Abundances of juvenile and adult 
differ between Channel elevations 
with abundance being greatest at 
s and adults will be 
ns 
 > A 
y variable between 
Dates, Sites and Channel elevations 
A (3.19 m channel elevation) ≥ or ≤ A (2.19 m channel 
depending on Date, Site & Channel 
evations varies 
epending on the Dates 
d Site they are sampled 
deeper channel elevations 
(i.e. increased water depths) 
Abundances (A) of juvenile
significantly greater at the deepest of two 
Channel elevatio
A (3.19 m channel elevation) (2.19 m channel elevations) 
Abundances were highl
elevations) 
elevation 
Abundances at different 
Channel el
d
an
from   
 
Model II (from Chapter 4) 
Winter flooding does not cause a 
  
Not tested due to the abse
 
Initial model remains 
unchanged 
significant decrease in the abundance 
 juveniles  
ot differ from 
abundances shortly after (post-flood) winter 
ooding  
nce of winter 
e greater prior 
 winter flooding  
(pre-flood) > a (post-flood)
e declines in 
 
   
Model IV (from Chapter 4)  
not 
 of 
years 
Abundances (j) of juveniles prior to winter 
e 
Abundances varied depending on Dates, Sites 
o 
ecreases between Dates 2 & 3 (i.e. 
xpected flood period, see Fig. 4.7) 
(pre-flood) ≥ j (post-flood) 
 
Abundances of juveniles 
aries 
depending on the Dates 
and Site they are sampled 
from, but do not decrease 
during expected periods 
of winter flooding for 
non-flood years  
    
of
 
Abundances (j) of juveniles prior to winter 
flooding (pre-flood) will n
fl
j (pre-flood) = j (post-flood)
flooding 
 
Model III (from Chapter 4) 
Winter flooding causes a significant 
decline in the abundance of adults  
 
Abundances (a) of adults will b
 
Not tested due to the absence of winter 
flooding. Comparisons of th
 
Initial model remains 
unchanged 
 
to winter flooding (pre-flood) than those 
shortly after (post-flood)
a 
abundances for flood and non-flood years are
presented in Table 7.2 
Abundances of juveniles does 
change during expected periods
winter flooding for non-flood 
 
flooding (pre-flood) will not differ from thos
shortly after (post-flood) winter flooding  
j (pre-flood) = j (post-flood) 
 
 
and Channel elevations but there were n
obvious d
at different Channel 
elevations v
e
j 
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(Table 7.4 cont’d) Initial Hypothesis 
 
Results of Test Restatement of 
Model 
Model V (from Chapter 4) 
Like that of juveniles, abundances of 
adults does not change during 
expected periods of winter flooding 
for non-flood years 
Abundances (a) of adults prior to winter 
flooding (pre-flood) will not differ from thos
shortly after (post-flood) winter flooding  
a 
e 
depending on the Dates 
and Site they are sampled 
from, due possibly to 
different rates of post-
settlement migration 
nd/or predation 
(pre-flood) = a (post-flood)
Abundances varied depending on Dates, Sites 
and Channel elevations 
 ≤ or ≥ aa (pre-flood)  (post-flood) 
Abundances of adults at 
different Channel 
levations varies e
a
  
Numbers of recruits (R) will be greatest at the 
deepest of two Channel elevations 
R 
 
cruits (R) was least at the 
vation) (2.19 m channel elevations) 
t 
hannel 
elevations (i.e. decreasing 
water depths)  
  
rom Chapter 4) 
Recruitment differs between 
ediments or varying particle size 
ne 
ment (0.13 < particles < 0.25 mm), >  
Numbers of recruits (R) did not differ between 
fine and coarse sediments 
 in fine sediment (0.13 < particles < 0.25 mm), =  
Sediments of varying 
particle size do not 
nfluence recruitment  
different Channel elevations remain 
onstant during winter flooding  
r (3.19 m 
evation) r (3.69 m elevation)
odel remains 
unchanged 
 
 with rates expected 
 decrease with increasing water 
epth (i.e. at deeper Channel 
levations)   
h) 
r (2.19 m elevation) r (2.69 m elevation) r (3.19 m 
evation) > Mr (3.69 m elevation))  
to th sence nter 
 years are shown in Table 7.2 
    
 
Recruitment is greatest a
shallower C
Model VI (from Chapter 4) 
Recruitment is greater at deeper 
Channel elevations (i.e. increasing 
water depths).   
 
Model VII (f
(3.19 m channel elevation) > R (2.19 m channel elevations) 
Numbers of re
deepest of two Channel elevations 
R (3.19 m channel ele  < R 
 
s
Numbers of recruits (R) will be greater in fi
versus coarse sediment particles. 
 in fine sediR
R in coarse sediment (0.5 < particles < 1mm)
R
R in coarse sediment (0.5 < particles < 1mm)
i
 
Model VIII (from Chapter 6) 
Mortality rates of juveniles at 
 
Mortalities of juveniles will not vary across 
Channel elevations during winter flooding  
M
 
Not tested due to the absence of winter 
flooding 
 
Original m
c
r (2.19 m elevation) = Mr (2.69 m elevation) = M
 = M   el
  
Mortality rates (M
 
Original model remains 
unchanged 
Model IX (from Chapter 6) 
Mortality rates of adults will differ 
between Channel elevations during 
winter flooding,
to
d
e
r) of adults will be greatest 
for individuals at shallow channel elevations 
and decrease progressively with increasing 
Channel elevation (i.e. increasing water dept
M  > M  > M
el
No e ab of wi
flooding. Mortality rates for flood and non-
lood
t tested due 
f
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(Table 7.4 cont’d) Initial Hypothesis 
 
Results of Test Restatement of 
Model 
Model X (from Chapter 6) 
The condition of adults will differ 
between Channel elevations, with 
condition expected to increase with 
increasing water depth   (2.19 m elevation) (2.69 m elevation) (3.19 m elevation) 
< C (3.69 m elevation)
 (2.19 m elevation) (2.69 m elevation) (3.19 m 
elevation) = C (3.69 m elevation)
The condition (C) of adults will be poorer for 
individuals at the shallowest channel elevation 
and increase progressively for bivalves living at 
deepe nnel elevations  r cha
C  < C  < C 
As predicted, except for the two deepest 
Channel elevations  
C  < C  < C 
Model remains unchanged 
except that conditions will 
not differ at Channel 
elevations > 3.19 m (≈ -
1.0 AHD) 
 
   
odel XI (from Chapter 6) 
years 
n the absence of winter flooding, mortality 
.19 m 
uvenile abundances were highly variable 
r 
Mr (2.19 m elevation) ≤ or ≥ Mr (2.69 m elevation) ≤ or ≥ 
Mr (3.19 m elevation) ≤ or ≥ Mr (3.69 m elevation)  
her tests during years 
 
he 
 
Model XII (from Chapter 6) 
Like that of juveniles, mortality rates 
f adults does not differ between 
hannel elevations during expected 
periods of winter flooding for non-
flood years 
In the absence of winter flooding, mortality 
rates of adults will not vary across Channel 
elevations for non-flood years  
Mr (2.19 m elevation) = Mr (2.69 m elevation) = Mr (3.19 m 
elevation) = Mr (3.69 m elevation)
  
Mortality rates were highly variably across 
Dates and Channel elevations, but decreases 
were not as dramatic as those expected during 
a flood year (see Table 7.2) 
Mr (2.19 m elevation) ≤ or ≥ Mr (2.69 m elevation) ≤ or ≥ 
Mr (3.19 m elevation) ≤ or ≥ Mr (3.69 m elevation)
s during expected 
periods of winter flooding 
for non flood years will 
differ between Channel 
elevations depending on 
the Date they are sampled  
    
Model XIII (from Chapter 6) 
Bivalves transplanted between 
channel elevations will exhibit 
different mortality rates during winter 
flooding because they experience 
different physico-chemical micro-
climates 
 
Bivalves transplanted from deep to shallow 
Channel elevations will exhibit > rates of 
mortality during periods of winter flooding 
than those transplanted from shallow to deep 
channel elevations 
Mr (bivalves transplanted from the 3.19 m to the 2.19 m channel 
elevation) > Mr (bivalves transplanted from the  2.19 m to the 3.19 m 
channel elevations)
Not tested due to the absence of winter 
flooding 
 
 
Original model remains 
unchanged 
    
 
urtM
Mortality rates of juveniles at 
different Channel elevations remain 
constant during expected periods of 
winter flooding for non-flood 
I
rates of juveniles will not vary across Channel 
elevations for non-flood years  
Mr (2.19 m elevation) = Mr (2.69 m elevation) = Mr (3
elevation) = Mr (3.69 m elevation)  
J
between Dates and Channel elevations. 
wever, this test ham ered d  pooHo  was p ue to
recruitment during 1998 
F
of high recruitment are 
required so, currently, t
initial model remains 
unchanged 
 
Mortality rates exhibited 
by adult
  
o
C
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